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Novel kinetoehore factors in fission yeast

Abstract

The aim of the work described in this thesis was to further characterise 

mutants isolated as affecting centromere-kinetochore function in the fission 

yeast, Schizosaccharomyces pombe. Fission yeast is an ideal model for studying 

centromere-kinetochore function as it has relatively complex centromere, 

reminiscent of those in metazoans, but is genetically tractable. The fission yeast 

centromere is packaged as transcriptionally silent heterochromatin which serves 

as a platform for kinetoehore assembly. The centromere consists of two distinct 

domains: the outer repeats and the central domain. It has been shown previously 

that these regions associate with distinct sets of proteins, for example, the fission 

yeast homologue of CENP-A, Cnpl, is present at the central core, together with 

Mis6 and Misl2. The heterochromatin protein Swi6 associates with the outer 

repeats, as does the cohesin subunit, Rad21. CENP-A is a his tone H3-like protein 

and homologues have been found at the centromeres of all eukaryotes examined 

to date. CENP-A represents a key determinant of kinetoehore assembly. 

Therefore, an important question in the field of centromere biology is how 

CENP-A homologues are targeted specifically to centromeres.

Marker genes placed in the centromere regions of fission yeast are 

transcriptionally silenced- weakly if inserted into the central domain, and 

strongly silenced if inserted into the outer repeats. Previously, this feature of the 

fission yeast centromere had been utilised to screen for potential kinetoehore 

components or regulators (Pidoux et al., 2003). Mutants with alleviated silencing 

at the central core were isolated and seven complementation groups identified; 

siml to 7, for silencing in the middle of the centromere. Here I describe the 

studies that I have performed on three of the factors identified in the silencing 

screen: sims 1,6, and 7.
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The silencing screen identified eleven alleles of siml (Pidoux et al., 2003). 

These alleles all exhibit alleviation of central domain silencing, while silencing at 

other heterochromatic loci, for example the telomeres and centromeric outer 

repeats, remains intact. The eleven alleles show varying degrees of sensitivity to 

a microtubule poison, indicative of defective kinetochore-microtubule 

interactions, and this was found to correlate with the degree temperature 

sensitivity. GFP tagged Siml associates with the central core of the centromere 

indicating that Siml is indeed a novel kinetoehore protein. Two of the mutants, 

siml-15 and siml-106, were selected for further characterisation. It was found that 

CENP-A/Cnpl shows reduced association with the centromere in these mutants, 

suggesting that Siml plays a role in loading, or regulating the loading of, CENP- 

A/Cnpl at the centromere. The siml + gene was found to be essential, which is 

consistent with a role in CENP-A/Cnpl loading. Furthermore, Siml displays 

limited homology with Napl, a nucleosomal assembly factor in budding yeast. 

Intriguingly, Siml-GFP was found to be in a complex with CENP-A/Cnpl-Myc 

in co-immunoprecipitation experiments. This suggests a model where Siml may 

be required for the assembly of CENP-A/Cnpl chromatin.

The sim6-86 mutant is unusual in that it is the only mutant identified in 

the silencing screen which alleviates silencing at both the central domain and 

outer repeat regions. The sim6-86 mutant exhibits intermediate alleviation of 

silencing at the outer repeats regions, compared with strains deficient in the 

known outer repeat heterochromatin factors, Swi6 and Clr4. Consistent with the 

intermediate alleviation of silencing, the sim6-86 shows a partial loss of the 

methylation of lysine 9 of histone H3 that is characteristic of outer repeat 

chromatin. The sim6-86 mutant is sensitive to a microtubule poison, suggesting 

that kinetochore-microtubule interactions are defective. Furthermore, the sim6-86 

mutant exhibits chromosome segregation defects and elevated rates of loss of a 

minichromosome. sim6-86 was mapped genetically to chromosome I. The sim6-86 

mutation was found to be synthetically lethal in combination with mutations in 

cenp-a/cnpl, siml and in another kinetoehore factor identified in the silencing 

screen, sim4. None of the central domain or outer repeat factors examined in this

n
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study was found to be delocalised in the sim6-86 mutant. These data suggest that 

Sim6 may play a role in co-ordinating the architecture of the centromere, 

possibly establishing or maintaining interactions between the outer repeats on 

either side of the central domain, so that the central domain with the associated 

kinetoehore is "presented" to searching microtubules during mitosis.

The three alleles of sim7 identified in the silencing screen were 

characterised in this study. The sim7 mutants were found to alleviate silencing 

specifically at the central domain of the centromere. Unlike the siml and sim6-86 

mutants, the sim7 mutants are not sensitive to a microtubule poison. However, 

the sim7 mutants do exhibit chromosome segregation defects and slightly 

elevated rates of loss of a minichromosome. Interestingly, the centromeric 

histone H3 variant, CENP-A/Cnpl, was found to show reduced localisation in 

the sim7 mutant background. Furthermore, CENP-A/Cnpl was found to be a 

high-copy suppressor of the siml mutations, and double mutant combinations 

between sim7 and cenp-a/cnpl were found to be synthetically lethal. Together 

these data suggest that the sim7 gene product is required for kinetoehore 

function and that it interacts functionally with CENP-A/Cnpl.

in
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Chapter 1: Introduction

1.1. Introduction

Centromeres were distinguished cytologically in salamander embryos 

in the 1880s as the site of the primary constriction on the chromosome 

(Flemming, 1882). In the 1930s, the centromere was defined genetically as 

being essential for chromosome inheritance and as an area of very low, or no, 

meiotic recombination (Beadle, 1932; Mather, 1938). The centromere consists 

of cis-actin^ DNA and fnms-acting proteins and it directs the assembly of a 

proteinaceous structure, the kinetochore, which in turn interacts with the 

spindle microtubules (MTs). Together these components are responsible for 

the accurate segregation of chromosomes at cell division. Accurate 

segregation requires the bipolar attachment of chromosomes to the 

developing spindle, congression of chromosomes to the metaphase plate, the 

simultaneous release of sister chromatids and their movement to opposite 

poles during anaphase. During mitotic cell division and the second meiotic 

division, sister kinetochores bind MTs from opposite poles of the spindle. The 

centromere is usually the final region of the chromosome to retain cohesion 

between sister chromatids. During the first meiotic division, sister 

kinetochores act in unison, binding MTs from the same pole so that the paired 

homologous chromosomes are separated and a pair of sister chromatids 

segregates to either pole. The centromere-kinetochore is unique in the genome 

in that it functions as a mechanical device during cell division and 

centromeric chromatin must be able to withstand the forces generated by the 

spindle (recently reviewed by Cleveland et al., 2003; Smith, 2002).

Kinetochore function is monitored by the spindle assembly checkpoint. 

This ensures that all chromosomes are correctly attached to the spindle before 

cohesion is released and the cell proceeds though division. Aberrant 

chromosome transmission results in aneuploidy, defined as a deviation from 

the normal chromosome complement. Aneuploidy is usually highly 

deleterious in mammalian cells, in humans, 7% of conceptions and 45% of 

spontaneous abortions exhibit aneuploidy (Hassold and Hunt, 2001). Very 

few aneuploidies can be tolerated in humans; trisomy of chromsome 21 is

Chapter 1: JnfrocJ action 1



i. Saccharomyces cerevisiae 
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Fig. 1.1. Centromere structure in different organisms.
i. Centromeres in Saccharomyces cerevisiae are defined by a 125 bp 

sequence composed of three elements; CDEI, CDEII, and CDEIII.
ii. The centromere of the Drosophila melanogaster Dp118

minichromosome consists of a 420 kb core of 5 bp satellite repeats 
and transposable elements flanked by repetitive DMA.

iii. Homo sapiens centromeres are composed of alpha satellite repeats 
arranged into higher order arrays.

iv. Caenorhabditis elegans kinetochores (green circles) assemble along 
the length of each chromosome.

From Sullivan et al., 2001.
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tolerated but causes birth defects (Down's Syndrome). Turner's (monosomy 

of the X chromosome) and Klinefelter's syndromes (XXY) are associated with 

developmental abnormalities. Edward's syndrome (trisomy of chromosome 

18) and Patau's syndrome (trisomy of chromosome 13) result in mental 

retardation, multiple congenital defects of all organs, and death shortly after 

birth. Aneuploidy is also associated with almost all types of cancer (Sen, 

2000), for example, chromosome instability (CIN), which leads to aneuploidy, 

is observed in most colorectal cancers (Lengauer et al., 1997). Loss of function 

of a mitotic checkpoint has been implicated in cases of CIN (Cahill et al., 

1998), although a more recent study found that CIN cells do undergo mitotic 

arrest in response to spindle damage (Tighe et al., 2001).

The requirements for the establishment and maintenance of the 

centromere-kinetochore are described below; czs-acting sequences, 

maintenance of the centromere site before and after cell division, epigenetics 

and silencing phenomena, specialised centromeric nucleosomes and histone 

modifications. This is followed by a discussion of the roles of the centromere- 

kinetochore; ensuring biorientation of the sister centromere-kinetochores, 

maintaining and releasing of cohesion at the appropriate time, interacting 

with the spindle microtubules mediating movement towards the poles at 

anaphase, and communicating with the spindle assembly checkpoint.

1.2. Centromere structure
The chromosomes of most organisms are monocentric, i.e. the 

kinetoehore forms at a single point on the centromere (Fig. 1.1). Some 

organisms, such as nematode worms and crayfish, have holocentric 

centromeres where the centromere forms along almost the entire chromosome 

arm. Centipedes have both holocentric and monocentric chromosomes in the 

same nucleus. Monocentric chromosomes can have either point or regional 

centromeres. Point centromeres occupy only a very small region (-200 bp) of 

chromosomal DNA and have been identified to date only in the budding 

yeasts. Regional centromeres occupy much larger regions (from 40 kb to 

several Mb), are often characterised by extensive tracts of repetitive DNA and 

span genera from fungi, including fission yeast, to mammals. The centromere

Chapter 1: Infrod action 2



Outer Repeat Central Core Outer Repeat 
Domain Domain Domain

otrIL imrIL cntl imrlR otrlR———I———I——I———I——————\

I———I————I———I———I———I————I———H

K' L K" B1 CC1 B' K" L K'

chromosome I 

cenl -35 kb

otr2L imr2L cnt2 imr2R otr2R————I——I————I——I————————h

chromosome II 

cen2 -65 kb
BJ K L BJ K L B CC2 B L KB

otr3L imrIL cnt3 imr3R otr3R
——I————I————I————I—————

chromosome III 

cen3 -11 Okb

K L' CC3 L' K

Fig. 1.2. Fission yeast centromeres. The centromeres of the three fission yeast 
chromosomes are all composed of a non-repetitive central core of 4-7 kb of AT- 
rich DMA (cnt1,2 and 3, stippled rectangles). These are flanked by the inner 
repeats (imrIL, imrlR, etc, white block arrows). The inner repeats contain tRNA 
genes, which are also foun din other parts of the centromere (blue rectangles). 
Together, the central core and inner repeats form the central domain of each 
centromere. This is flanked by repeats which contain variable numbers of the 
dg (plain grey block arrows) and dh (striped grey block arrows) elements. The dg 
repeats are also frequently referred to as the K or K" repeats. Alternative names 
for other centromeric repeats used by other researchers are given in the diagram 
above. The largest chromosome, chromosome I, has the smallest centromere (35 
kb), the smallest (chromosome III) has the largest centromere (110 kb) and the 
centromere of chromosome II is 55 kb. See text for more information and 
references.
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is now defined as those sequences that organise the kinetoehore: the large 

multiprotein complex that directs chromosome movement and 

pericentromeric regions which function as anchor zones that hold sister 

chromatids together and provide a boundary between the centromeres and 
the chromosome arms (Henikoff et al., 2001),

The most well defined ds-requirements for centromere function are 

those required for centromere function in the budding yeast Saccharomyces 

cerevisiae. The centromeres of all 16 S. cerevisiae chromosomes contain an 

essential 125 bp sequence which is composed of three functional elements, 

CDEI, CDEII and CDEIII (Hyman and Sorger, 1995). The CDEI and CDEffl 

sequences are conserved at all the chromosomes and point mutations in these 

sequences abolish centromere function. The CDEIII element is essential and 

sufficient to localise the established centromere-kinetochore protein network 

to the centromere (Ortiz et al., 1999). CDEII sequence varies between the 16 

centromeres, but the length is relatively constant (74-86 bp) and the sequences 

are always AT rich (90%). The discovery of this essential sequence encouraged 

the view that there are specific cz's-acting DNA sequences that define the 

centromere, either a universal sequence or a different sequence in different 

species. However, research in other organisms has failed to uncover such 

sequences.

The centromeres of all three fission yeast chromosomes are composed 

of a non-repetitive central core flanked by a pericentromeric region (Fig. 1.2) 

(Chikashige et al., 1989; Fishel et al., 1988). The pericentromeric regions span 

20-100kb and consist of an innermost region (imr, white block arrows on Fig. 

1.2) and a larger outermost repeat region (otr, grey arrows on Fig. 1.2). The imr 

repeats contain tRNA genes and are unique to each centromere (Kuhn et al., 

1991; Takahashi et al., 1991). The otr contains alternating copies of related ~4 

to 5 kb repeats known as dg and dh (also known as the K repeats, plain grey 

and striped grey arrows respectively) which flank the imr in an inverted 

manner (Clarke et al., 1986; Clarke and Baum, 1990; Takahashi et al., 1992; 

Wood et al., 2002). The orientation of these repeats with respect to the central 

core and the arrangement of the repeats themselves varies between the 

centromeres, indicating that the overall organisation is important rather than
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the precise sequence arrangement. The central cores consist of 4-7 kb of non- 

repetitive sequence (stippled rectangles on Fig. 1.2). Until recently it was 

thought that the central core of chromosome II (cnt2, also referred to as cc2) 

was unique, whilst those of chromosomes I and III (cntl and cnt3, also 

referred to as TM1 and TM3 respectively) showed a high degree of sequence 

similarity. Recently however, sequence analysis of the three central cores has 

found that there is 48% identity over a 1.4 kb region (Wood et al., 2002). The 

minimal requirements for "adequate" centromere function appear to be a 

minimum of 12 kb of DNA sequence including at least part of the central core 

region, packaged as centromeric chromatin, and at least one copy of a 2.1 kb 

part of the dg repeat (Baum et al., 1994).

In many eukaryotes, including humans and other mammals, Drosophila 

melongaster, fish and plants, large, megabase-sized arrays of simple, repetitive 

DNAs are found at the centromere. For example, centromeres can be as large 

as 9 million bp in maize. Centromeres in humans, primates, the fruit fly 

Drosophila melanogaster, and plants have large arrays of small repeats 

interrupted by transposable elements (reviewed in (Sullivan et al., 2001) (Fig. 

1.1). Alpha satellite DNA is a monomer of around 171 bp found tandemly 

arrayed at the centromeres of primates. Alpha satellite sequences are quite 

divergent, both between species and between chromosomes of the same 

species, although they are generally AT rich (Warburton et al., 1996). In 

humans these higher order arrays range from 100 kb to several megabases in 

length (Willard, 1998). Kinetoehore assembly probably requires just a fraction 

of the array, as antibodies against kinetoehore components localise to only a 

portion of the alpha satellite repeats (Warburton et al., 1997).

D. melanogaster centromeres are also located in tracts of repetitive 

DNA. The only molecularly and functionally defined centromere in Drosophila 

is on a 1.3 Mb X-derived minichromosome, DpllS, where a 420 kb fragment 

of centric heterochromatin has been found to be required for accurate 

segregation. This DNA consists of simple 5 bp satellite sequences interspersed 

with transposable elements (Murphy and Karpen, 1995; Sun et al., 1997). The 

centromeres of Arabidopsis thaliana have been localised to regions of 500-1000 

kb containing 180 bp repeats and surrounded by rDNA arrays and other
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repetitive sequences (Copenhaver et al., 1999; Heslop-Harrison et al., 1999; 

Murata et al., 1994; Nagaki et al., 2003; Round et al., 1997).

Whilst it remains a possibility that there is a definitive centromere 

sequence yet to be found, the repetitive AT-rich DNA normally found at 

centromeres is though to be only a preferred substrate and not sufficient or 

even necessary for centromere formation (Karpen and Allshire, 1997). 

Evidence for this hypothesis comes from observations of neocentromeres and 

dicentric chromosomes. Neocentromeres are chromosomal sites which lack 

centromeric DNAs but which have acquired the ability to specify kinetochore 

formation (reviewed in Amor and Choo, 2002). Conversely, dicentric 

chromosomes are chromosomes which have two centromeric sites, and can 

result from several mechanisms, including mitotic crossing over, and 

Robertsonian translocations (reviewed in Lemyre et al., 2001). Dicentric 

chromosomes can be stably propagated if one of the two centromeres is 

inactivated, showing that previously centromeric sequences can lose 

centromere function (reviewed in Lemyre et al., 2001).

1.2.a. Neocentromeres

Neocentromeres are seen in naturally occurring human marker 

chromosomes: rearranged chromosomes with neocentromeres formed on 

DNA that was not previously at or near the centromere. To date, 

neocentromeres have been identified on over 60 different human chromosome 

fragments generated by breakage events, indicating that many genomic 

regions can acquire centromere function (Amor and Choo, 2002). The first 

human neocentromere studied was derived from chromosome 10 (Voullaire 

et al., 1993). This neocentromere was found to be mitotically stable despite the 

absence of any a-satellite sequences. A study investigating neocentromeres in 

D. melanogaster has revealed that they also appear to be mitotically and 

meiotically stable (Williams et al., 1998). A study of two human 

neocentromeres revealed that they are associated with 22 proteins that are 

localised to endogenous centromere-kinetochores (Saffery et al., 2000), 

indicating that they are likely to mediate chromsome inheritance by the same 

processes as endogenous centromeres. Further investigations of 

neocentromeres on three different human chromosomes revealed that the
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DNA at the neocentromeres did not differ from the parental homologous loci, 

i.e., they had not acquired alpha satellite sequences chromosomes (Lo et al., 
2001a; Lo et al., 2001b). The neocentromere sequences were found to be AT 
rich (>60%) and enriched for retroviral elements, long terminal arrays and/or 
short tandem repeats, indicating that AT rich, repetitive DNA may be a 
preferred substrate for centromere formation (Satinover et al., 2001).

Observation of experimentally induced neocentromeres in D. 
melanogaster has suggested that neocentromere activation could occur by 

spreading in cis of centromeric proteins into previously non-centromeric DNA 

(Maggert and Karpen, 2001). A test fragment placed either adjacent to 

centromeric chromatin, centromeric flanking sequences, or in euchromatin 
was released by irradiation induced breakage. It was found that in order for a 

sequence to successfully form a neocentromere it had to have been located 
adjacent to the functional centromere prior to irradiation. This suggests that 

centromeric factors can spread into adjacent sequences and specify 
centromere function when boundary elements, which normally block such 

expansion of functional domains, are removed.

1.2.b. Centromere spreading and activation in fission yeast

Spreading of centromere proteins has also been observed in the fission 

yeast Schizosaccharomyces pombe. The fission yeast centromere consists of two 

distinct domains; a central domain flanked by inverted repeat structures. The 
transition zone between these two regions is demarcated by tRNA genes. The 

fission yeast heterochromatin protein Swi6 associates with the 
pericentromeric outer repeats, and can spread over more than 3 kb of 

exogenous DNA inserted into this region (Partridge et al., 2000). Central 

domain components such as the CENP-A homologue, Cnpl (discussed later) 

can also associate with non-centromeric DNA inserted into this region 

(Mellone, thesis, Open University, 2002). This ability to be recruited onto non- 

centromeric DNA implies that centromere-specific proteins have the potential 

to form centromeres on non-centromeric DNA, regardless of the DNA 

sequence.
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Minichromosome inheritance experiments in S. pombe indicate that 

potential centromeric sites can be "activated". In an elegant experiment, 

plasmids containing part of the S. pombe centromere III were introduced into 

fission yeast. It was found that these plasmids could adopt either of two 

states, stable or unstable, despite the absence of any changes in the DNA 

sequence (Steiner and Clarke, 1994). Minichromosomes lacking the 2.1 kb dg 

repeat "centromere enhancer" can be stable if propagated under selection for 

many generations if they contain the rest of the dg repeat, indicating that the 

centromere is "activated", possibly by the association of centromere proteins 

(Ngan and Clarke, 1997).

1.2.c. Centromere inactivation in dicentric chromosomes

Conversely, the existence of stable dicentric chromosomes also 

demonstrates that centromere identity can be lost by previously centromeric 

sequences. Dicentric chromosomes are chromosomes which have acquired a 

second centromere. This is usually highly deleterious for the chromosome, 

resulting in chromosome breakage if the two kinetochores segregate to 

opposite poles (anaphase bridging). Stable transmission of dicentric 

chromosomes has been observed where the two centromeres behave co 

operatively (Higgins et al., 1999; Sullivan and Willard, 1998), and where one 

of the centromeres is inactivated (Agudo et al., 2000; Earnshaw and Migeon, 

1985; Faulkner et al., 1998; Sullivan and Schwartz, 1995).

Centromeres are thus plastic, in that they can form on DNA that did 

not act previously as a centromere, and previously centromeric DNA can lose 

its ability to function as a centromere. They are also stable, however, in that 

even in the absence of a defining sequence, the site chosen for centromere 

activity on any given chromosome is propagated stably from one generation 

to the next. This paradox of simultaneous stability and plasticity could be 

explained by epigenetic definition and propagation of centromeres. The term 

"epigenetic" describes phenomena that are not encoded by DNA sequence 

but which are nevertheless heritable. In this thesis, I use the definition used in 

the review by Karpen and Allshire (Karpen and Allshire, 1997).

Chapter 1: Introduction
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Fig. 1.3. Transcriptional repression of different sites in the fission yeast 
genome. Marker genes inserted into the telomeres (tel, grey arrows), 
centromeric outer repeats (otr, striped rectangles) or mating type loci (mat, 
hatched rectangle) are strongly repressed. There is weaker transcriptional 
silencing of marker genes inserted into the central domain of the centromere 
(cnt, black oval). Size of arrow depicts level of gene expression at the 
different sites.
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1-3. Epiqenetic determination and propagation of centromeres

The regions at and around centromeres are packaged as 

transcriptionally silent heterochromatin (Dillon and Festenstein, 2002). When 

genes are placed within heterochromatic regions they are subject to reversible 

repression of gene expression. In 1930 Muller discovered that the D. 

melanogaster white gene, required for the red pigmentation of the eye, was 

reversibly silenced when placed adjacent to the centromeric heterochromatin 

by a chromosome inversion (Muller, 1930). Expression of the gene was also 

found to be sensitive to temperature, with the gene being subject to less 

repression when the flies were incubated at higher temperatures (Gowen and 

Gay, 1933). The inversion resulted in red-white variegation of eye 

pigmentation which was stable for several generations, indicating that the 

white gene must be epigenetically regulated, allowing daughter cells 

inheriting the same gene sequence to display opposite states of expression 

(Tartof and Bremer, 1990). Further detailed analyses indicated that PEV 

results from variable spreading of heterochromatin into the white gene 

causing stochastic gene silencing and variegated eye colour. In fission yeast, 

genes placed in the centromeric regions, telomeric regions and at the mating 

type loci, are transcriptionally silenced (Allshire et al., 1995). The degree of 

silencing varies with position in the centromere; the outer repeats are more 

strongly repressed than the central domain, which also shows variegation of 

repression (Allshire et al., 1995) (Fig 1.3). In S. cerevisiae, genes placed at the 

silent mating type loci are usually repressed and genes placed near telomeric 

regions are subject to reversible repression (Gottschling et al., 1990; Pillus and 

Rine, 1989). This unstable gene expression which is dependent on 

chromosomal location is known as Position Effect Variegation (PEV) and is 

mostly associated with centromeric heterochromatin.

The epigenetic determination and self-propagation of centromere 

identity can account for both centromere plasticity and stability. A epigenetic 

mark at the centromere could be specified by the spatial and temporal 

organisation of chromosomes or chromosomal processes, such as replication, 

by exclusive protein binding, and/or by histone modifications. Whilst to date 

no conserved sequence has been identified which specifies centromere 

function outwith budding yeast, the presence of heterochromatin and a
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centromere-specific histone H3 homologue, CENP-A, is highly conserved 

across divergent species. Furthermore, histones H3 and H4 in 

heterochromatic regions of widely differing species are consistently 

underacetylated and histone H3 lysine 9 is consistently found to be 

methylated. A central domain packaged with CENP-A-containing 

nucleosomes flanked by a heterochromatic region (or a highly phased 

nucleosome array in the case of budding yeast) appears to be the "universal 

centromere architecture". The question then is how these domains are 

established and maintained. The epigenetic determination of centromere 

identity and propagation, and the apparent lack of dependence on primary 

DNA sequence, do not rule out the possibility that sequence composition, 

such as a high concentration of repeat sequences or an AT sequence bias, also 

has a role in these processes.

1.3.a. A centromere-specific histone H3 homologue

CENP-A is a centromere-specific histone with two distinct domain; a 

unique N-terminal domain, and a 93-amino acid C terminal domain which 

shares 62% identity with the core nucleosomal histone H3 (Palmer et al., 1991; 

Sullivan et al., 1994). CENP-A, and also CENP-B and CENP-C, were 

discovered as antigens recognised by human autoimmune sera from CREST 

patients (calcinosis, Raynaud's phenomenon, esophageal dysmotility, 

sclerodactyly, and telangiectasia, Earnshaw and Rothfield, 1985; Earnshaw et 

al., 1987; Saitoh et al., 1992; Sullivan et al., 1994). CENP-A has homologues in 

all eukaryotes examined to date: Cse4 in S. cerevisiae, Cnpl in S. pombe, HCP-3 

in C. elegans, and Cid in D. melanogaster (Smith, 2002). It is essential for 

kinetochore function and given that it is in immediate contact with DNA, this 

suggests it plays an important role in specifying centromere function. CENP- 

A homologues in different species share relatively little identity 

(approximately 48%) and the amino-terminal domain is highly divergent and 

shows virtually no homology to the N-terminus of histone H3. The amino tail 

of CENP-A/Cse4 is essential and it interacts with Ctfl9, a conserved 

component of the budding yeast inner kinetochore CBF3 complex, suggesting 

that CENP-A / Cse4 plays a role in recruiting this essential complex (Chen et 

al., 2000). The C-terminal histone fold domain is required for faithful targeting 

of CENP-A to the centromeres (Sullivan et al., 1994). Nucleosomes can be
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assembled in vitro from purified human CENP-A, histone H2A, H2B and H4 

(Yoda et al., 2000). This is consistent with previous observations in vivo that 

CENP-A nucleosomes are homotypic, i.e., they contain two copies of CENP-A 

rather then one copy of CENP-A and one of H3 (Shelby et al., 1997). Human 

centromeric a satellite DNA is packaged with CENP-A-containing 

nucleosomes (Vafa and Sullivan, 1997).

At human and D. melanogaster centromeres blocks of CID/CENP-A 

and H3 nucleosomes are seen linearly interspersed on extended chromatin 

fibres (Blower et al., 2002). CENP-A/CID chromatin has been demonstrated to 

be physically separate from the heterochromatic flanking regions in D. 

melanogaster suggesting that the CID/CENP-A and H3 chromatin folds to 

present a distinct face of CENP-A chromatin for kinetoehore assembly 

(Blower and Karpen, 2001). Similarly, data in humans indicate that the 

kinetoehore does not form over all the centromeric heterochromatic region. 

Human CENP-A is found at the inner kinetoehore plate with heterochromatin 

underlying and surrounding it (Warburton et al., 1997). In S. pombe, CENP- 

A/Cnpl is present at the central domain of the centromere (the central core 

plus the inner repeats), and histone H3 is excluded by chromatin 

immunoprecipitation analysis (Takahashi et al., 2000). In S. pombe, the central 

core region would then be the site of kinetoehore assembly and in Drosophila 

the CID-chromatin would form the site of assembly.

1.3.b. CENP-A: a mark for centromere assembly and propagation

The questions concerning CENP-A are then: does it trigger and 

propagate the kinetoehore and how is it restricted to active centromeres? 

CENP-A is a strong candidate for marking and propagating the site of 

kinetoehore assembly. CENP-A inactivation results in severe mitotic defects, 

disruption of cell-cycle progression and of localisation of other centromere- 

kinetochore proteins, for example CENP-C, BUB-1, MCAK and HCP-1 are 

mislocalised when CENP-A is inhibited by RNAi in C. elegans (Moore and 

Roth, 2001; Oegema et al., 2001). Similar mis-localisation of kinetoehore 

proteins is seen when CENP-A is depleted/ablated in mice (Howman et al., 

2000), in D. melanogaster (Blower and Karpen, 2001), and in human cells
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(Goshima et al., 2003). Loss of CENP-A/Cnpl in fission yeast cells results in 

lethality due to massive chromosome segregation defects, and the loss of the 

specialised centromeric chromatin structure detected by micrococcal nuclease 

digestion (Takahashi et al., 2000). When CENP-A was experimentally mis- 

targeted to non-centromeric chromatin in mammalian cells, the targeted 

regions assembled a subset of kinetoehore components, including CENP-C 

but not CENP-B, which is a sequence-specific centromere factor. There were 

no chromosome segregation defects observed in these cells, indicating that 

just the formation of CENP-A chromatin is not sufficient to trigger 

kinetoehore activity. Similarly, mistargeting of CENP-A to inactive 

centromeres of dicentric chromosomes does not restore centromere activity. 

Mistargeting of other kinetoehore components was not sufficient to assemble 

other kinetoehore factors, suggesting that CENP-A acts as the primary 

determinant of kinetoehore positioning, although additional steps are 

required to form a functional kinetoehore (Van Hooser et al., 2001).

There are a number of ways in which CENP-A nucleosomes might be 

specifically targeted to the centromeres. Targeting could occur by restricting 

replication of the centromere to a time in the cell cycle when CENP-A is 

abundant, or by restricting centromeres spatially within the nucleus. 

Alternatively, a CENP-A-specific chromatin assembly factor may replace 

histone H3 with CENP-A in centromeric regions after S phase. In S. pombe, the 

CENP-A/Cnpl shows peak abundance earlier in S-phase than histone H3 

(Takahashi et al., 2000). Interestingly, it has also been observed that the 

centromeres of S. pombe appear to replicate early in S-phase (Kim et al., 2003). 

However, a number of studies in human and D. melanogaster cells indicate 

that CENP-A targeting can be uncoupled from replication in these organisms. 

The interspersed blocks of H3 and CID/CENP-A chromatin found at the 

centromere in humans and flies are replicated concurrently during S-phase 

(Blower et al., 2002). Furthermore, transiently expressed CID-GFP targets 

correctly to centromeres even when DNA replication is blocked with 

aphidicolin, or when CID is expressed outside S phase (Ahmad and Henikoff, 

2001). Additionally, a study of human centromeres indicated that they are 

replicated asynchronously throughout mid to late S phase, whereas CENP-A 

synthesis occurs much later, in G2, and that CENP-A can assemble into
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centromeric nucleosomes in the absence of DNA replication (Shelby et al., 
2000).

This suggests that some form of chromatin remodelling may be required 

to specifically replace core nucleosomes with CENP-A containing 

nucleosomes at the centromeres. CENP-A containing nucleosomes are 

partitioned equally to daughter chromatids after S phase (Shelby et al., 2000). 

These may be recognised and any histone H3 in nucleosomes replaced by a 

histone exchange factor (Shelby et al., 2000). However, a definitive CENP-A 

loading factor has yet to be identified. A study in fission yeast has indicated 

the central core factor Mis6 is required as a CENP-A/Cnpl loading factor 

(Takahashi et al., 2000). Functional Mis6 protein was found to be required for 

incorporation of de novo synthesised GFP-tagged Cnpl into centromeres. 

Additionally, maximum expression of CENP-A/Cnpl coincides with the 

timing of Mis6 function at the Gl-S boundary (Saitoh et al., 1997; Takahashi et 

al., 2000). Deposition of CENP-A/Cnpl may require an additional factor; a 

GATA-type transcriptional regulator, Ams2, which is a multicopy suppressor 

of cnpl mutations (Chen et al., 2003). However, the mammalian homologue of 

Mis6, CENP-I, is not required for CENP-A loading (Nishihashi et al., 2002). 

Furthermore, the S. cerevisiae Mis6 homologue, Ctf3, is not required for 

loading of the S. cerevisiae CENP-A homologue, Cse4, and Ctf3 fails to bind 

the centromere correctly in cse4 mutant (Measday et al., 2002). In S. cerevisiae, 

the chromatin assembly factors CAF-1 and the Hir proteins may be involved 

in Cse4 loading as double mutants display mitotic arrest, high rates of 

chromosome mis-segregation and abnormal centromere chromatin structure 

(Sharp et al., 2002).

The presence of a functional kinetoehore might conceivably direct 

CENP-A deposition itself, allowing the site of kinetoehore assembly to be 

propagated stably through cell divisions (Mellone and Allshire, 2003). In this 

model, either microtubule binding by the kinetoehore or tension generated by 

biorientation triggers CENP-A loading. Centromeric chromatin is stretched as 

sister kinetochores attach to opposite spindle poles, and this may result in the 

chromatin becoming more accessible, thus allowing access to remodelling 

complexes. In this model, CENP-A deposition at the centromeres would 

require passage through mitosis.
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l.S.c. The heterochromatic regions of centromeres

In many organisms, the heterochromatic regions which surround the 

centromeric central domain play a supportive role in kinetoehore formation. 

Recent work in fission yeast has shown that heterochromatin is specifically 

required for cohesion between sister centromeres (Bernard et al., 2001; 

Nonaka et al., 2002). The outer repeats regions (otr) of the fission yeast 

centromere are packaged as transcriptionally repressed heterochromatin. This 

requires functional Swi6 protein, the homologue of metazoan 

Heterochromatin Protein 1 (HP1), which also effects silencing at the telomeres 

and silent mating type loci (Allshire et al., 1995). Loss of Swi6 results in the 

alleviation of transcriptional silencing at these regions and in high rates of 

chromosome mis-segregation. The association of the fission yeast cohesin 

subunit, Rad21, with the centromere is lost in the absence of the 

heterochromatin protein Swi6, although cohesin association with the 

chromosome arms is unaffected (Bernard et al., 2001, Nonaka et al., 2002).

Underacetylation of histones H3 and H4 and methylation of lysine 9 of 

histone H3 are features of centromeric heterochromatin, whilst methylation of 

lysine 4 of histone H3 is associated with transcriptionally active chromatin. 

(Dillon and Festenstein, 2002). Modification of histones in the centromere 

region is conserved across widely divergent species. The "histone code" 

hypothesis suggests that combinations of histone amino-terminal 

modifications extend the information of the DNA code and that this may be 

used to specify centromere identity as such modifications result in different 

interaction affinities for chromatin-associated proteins (Strahl and Allis, 2000).

1.3.c.i. Histone acetylation at the centromeres
Histones H3 and H4 are underacetylated at all lysines in both 

constitutive centromeric heterochromatin and the facultative heterochromatin 

of the X chromosome in mammalian metaphase chromosomes (Belyaev et al., 

1996; Jeppesen and Turner, 1993). Conversely, gene-rich regions are 

associated with increased H4 acetylation (Jeppesen and Turner, 1993; Tazi and 

Bird, 1990). This is supported by the observation that many transcriptional 

activators are, or interact with, Histone Acetyl Transferases (HATs), while 

many transcriptional repressers are, or interact with, Histone Deacetylases
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(HDACs). In fission yeast, exposure to Trichostatin A (ISA), a specific 

inhibitor of histone deacetylase, results in alleviation of silencing of marker 

genes inserted at the centromere, causes chromosome loss, and disrupts the 

localization of the heterochromatin protein Swi6 (Ekwall et al., 1997). 

Similarly, in mammalian cells, Heterochromatin Protein 1 (HP1) is delocalised 

when the cells are treated with TSA (Taddei et al., 2001).

1.3.C.H. Histone methylation at the centromeres

Histones can also be modified by methylation, and studies in various 

model systems have found that methylation of histone H3 at lysine 9 in 

centromeric heterochromatin creates a binding site for heterochromatin 

proteins (HP1 proteins). Mammalian methyltransf erases that selectively 

methylate histone H3 on lysine 9 (Su(var)3-9 HMTases) generate a binding 

site for HP1 proteins (Lachner et al., 2001; Rea et al., 2000). Su(var)3-9 

deficient mice display severely impaired viability and show high rates of 

chromosome instabilities (Peters et al., 2001). HP1 binds with high affinity to 

histone H3 methylated at lysine 9 but not at lysine 4 and requires a functional 

chromo-domain for this binding (chromatin organisation modifier domain) 

(Bannister et al., 2001; Lachner et al., 2001). The chromo-domain was first 

identified as a region of homology between between HP1 and Polycomb, and 

is implicated in heterochromatin formation. The fission yeast homologue of 

mammalian Su(var)3-9 histone methylases, Qr4, specifically methylates 

lysine 9 of histone H3 (Bannister et al., 2001; Nakayama et al., 2001). This 

requires two conserved domains in Clr4; a SET domain and a chromo- 

domain. Genetic and biochemical analysis has shown that the methylase 

activity of Clr4 and the activity of a beta-propeller protein Rikl are required 

for the correct localisation of the heterochromatin protein Swi6 to centromeric 

chromatin (Nakayama et al., 2001). Mutations in swi6, rikl and clr4 alleviate 

silencing at the outer repeats, telomeres and mating type loci and such strains 

exhibit up to 100 fold increases in the rate of chromosome loss and in the 

incidence of lagging chromosomes on late anaphase spindles, confirming that 

the heterochromatic outer repeats are required for proper centromere function 

(Ekwall et al., 1996).
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l-3.d. RNA interference at the centromere flanking regions

Recently, RNA-mediated chromatin silencing has been implicated in 

the establishment of heterochromatin domains in plants, fission yeast and 

ciliates (reviewed in Schramke and Allshire, in press). RNA interference is the 

heritable silencing of genes induced by double strand RNA in metazoan cells 

(Fire et al., 1998). Silencing is initiated by the presence of dsRNA, which is 

then processed into ~21-25-nucleotide RNAs termed small interfering RNAs 

(siRNAs). These siRNAs guide the multiprotein RISC nuclease complex to 

target mRNAs, which are then degraded. In plants, this process is referred to 

as PTGS, for gost transcriptional gene silencing. In a related process initially 

identified in plants,TGS (transcriptional gene silencing), siRNAs with 

homology to regions of promoter sequences result in transcriptional silencing 

of genes. Both PTGS and TGS are associated with methylation of cytosine 

residues (Matzke et al., 2001). These findings prompted the investigation of 

whether the RNAi pathway may play a role in centromeric heterochromatin 

formation by inducing chromatin modifications.

The components of the RNAi machinery are conserved from fission 

yeast to humans, although they do not exist in budding yeast. Fission yeast 

has only one copy of each of the three genes known to be required for RNAi. 

dicer (dcrT) is a helicase RNASEIII gene, rdp+ is an RNA-dependent RNA 

polymerase and ARGONAUTE (agoT) is part of the RISC silencing complex 

which cleaves and destroys mRNAs that are bound to siRNAs. agol + was 

found to be an allele of a gene, csp9, previously identified in a screen for 

mutants which alleviate outer repeat silencing (csp mutants)(Ekwall et al., 

1999; Volpe et al., 2002). Mutations in agol/csp9 cause DNA segregation 

defects suggesting that the RNAi machinery is required for some aspect of 

centromere function, rdpl and dcrl mutants also display segregation defects 

(Volpe et al., 2003). Volpe et al then discovered that transcriptional repression 

of a ura4:+ gene inserted at the outer repeats is alleviated in mutants of all three 

RNAi components (Volpe et al., 2002). Histone H3 in the dh repeats, and also 

in the inserted um4+ gene, is methylated on lysine 9 in wild type cells, but this 

methylation pattern is lost in all three mutants. This methylation is required 

for the formation of heterochromatin, and the heterochromatin protein Swi6
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no longer associates with the centromere outer repeats in the mutants (Volpe 
et al., 2003).

In a recent study, endogenous small RNAs were cloned from 

exponentially growing fission yeast (Reinhart and Bartel, 2002). Of 61 RNAs 

cloned, 49 were degraded rRNAs or tRNAs, but the remainder matched the 

centromeric repeats. Of these, the majority were from the dh element; none 

were seen from the dg element, the central core, or the mating type locus 

repeats homologous to the dh element, although cloning was not exhaustive. 

Intriguingly, in the RNAi mutant strains transcripts are seen which 

correspond to both strands of the dh repeats. Nuclear run-on experiments 

detect only very low levels of the lower transcript in wild type cells. However, 

transcripts from both strands were seen in ago-, dcrl-, and rdpl- mutants and a 

low level of upper strand transcript was detected in the swi6- mutant (Volpe 

et al., 2002). This study indicates that the lower strand is always transcribed in 

wild-type cells, but the transcripts are processed by the RNAi, whereas the 

upper strand is only transcribed in mutants in the RNAi pathway.

The RNA-dependent RNA polymerase Rdpl interacts with the dg 

repeats by ChlP. This suggests that RNA from the lower transcript may be 

processed into dsRNA by Rdpl in cis (Volpe et al., 2002). The dsRNAs could 

then be cleaved by Dicer into 20-22 nucleotide fragments and incorporated 

into the RISC complex. This would then be targeted to the homologous DNA, 

with the aid of Clr4. Clr4, all the Su(var)3-9 class of histone methyltransferases 

to which Clr4 belongs, and also chromo-methylases in plants have 

chromodomains which contain motifs with RNA binding properties (Akhtar 

et al., 2000). This would then induce modification of the chromatin, possibly 

by the siRNAs or the intermediates guiding the chromatin modifying 

machinery to the centromeric repeats. Alternatively, the dsRNA may form a 

complex with the DNA which acts as a marker for chromatin modifying 

proteins (Matzke et al., 2001). Clr4 seems to be required both in the RNAi 

pathway and also downstream, as an effector by methylating histone H3. 

Following methylation of histone H3 lysine 9 by Clr4, Swi6 and other 

heterochromatin components such as cohesin are recruited. Additional Clr4 

protein could then be recruited by Swi6, which can multimerise and interact
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directly with Clr4, independently of the RNAi complex and silencing spreads. 

Thus, in this model, the heterochromatin would be established by RNAi but 

would then be self-propagating (Dernburg and Karpen, 2002). Support for 

this model comes from experiments using the mat locus repeats to investigate 

heterochromatin formation which indicated that the RNAi machinery is 

required for the establishment, but not the maintenance, of heterochromatin. 

The mating type centromere-homologous (cenH) repeat is sufficient to induce 

RNAi-mediated heterochromatin formation at an ectopic site, but is not 

needed for maintenance of a previously silenced site (Hall et alv 2002).

A recent study in fission yeast has demonstrated that RNAi-mediated 

chromatin silencing is not just restricted to centromeric repeats and 

transcripts but can potentially act on any transcribed sequence (Schramke and 

Allshire, 2003). A synthetic hairpin RNA was constructed that is homologous 

to part of the ura4+ gene. This hairpin was found to be capable of silencing the 

homologous ura4+ locus in trans. However, the construct did not silence a 

control locus containing a deletion derivative of the ura4+ gene which lacks the 

sequence used to make the hairpin. Silencing was dependent on components 

of the RNAi machinery and also Clr4, but did not require the heterochromatin 

protein Swi6. Swi6 and the cohesin subunit Rad21 were found at the silenced 

locus, and histone H3 at the locus was methylated on lysine 9, showing that 

the ura4+ gene was now assembled as heterochromatin. Heterochromatin can 

spread out from the targeted region of the ura4+ gene in a Swi6-dependent 

manner. This demonstrates that expression of a synthetic RNA is sufficient to 

induce silent heterochromatin assembly at a homologous locus that is 

normally euchromatic.

RNAi has been found to play a role in silencing transposable elements 

in several invertebrates (reviewed in Schramke and Allshire, in press). The 

inverted repeat structure of the fission yeast otr region is reminiscent of class- 

II transposons, which suggests that the use of the RNAi machinery to 

establish heterochromatin has been adapted from a mechanism to repress 

transposable elements. The centromere protein CENP-B has a high degree of 

homology to the transposase of the TC1/mariner class of transposable 

elements. When CENP-B is deleted in mice there are no apparent segregation
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defects (Tomascik-Cheeseman et al., 2002) but CENP-B is required for efficient 

formation of artificial chromosomes in humans suggesting that it may play a 

role in establishing centromeric chromatin (Ohzeki et al., 2002). Furthermore, 

the three fission yeast CENP-B homologues, Apbl, Cbhl and Cbh2, all 

contribute to the recruitment Swi6 to the otr and two of them contribute to H3 

K9 methylation at the centromere, and it is possible that they act as 

transcription factors for the otr transcripts (Nakagawa et al., 2002).

1.4. Proteins required for centromere function

Efficient centromere-kinetochore function requires many fnws-acting 

factors. These include proteins involved in establishing cohesion between 

sister chromatids and the subsequent release of cohesion at the onset of 

anaphase. There are also proteins that form the interface between centromeric 

chromatin and the kinetoehore. The kinetoehore itself is composed of core 

structural proteins; factors which mediate kinetochore-microtubule 

attachment; a group of proteins with multiple roles in mitosis, known as 

chromosomal passenger proteins; and proteins which are responsible for 

ensuring the fidelity of mitosis. During mitosis, chromosomes move both 

away from the spindle poles towards the metaphase plate (congression), and 

away, after sister-chromatids have correctly captured MTs emanating from 

opposite poles. There are both motor proteins and non-motor MT-associated 

proteins (MAPs) involved in these processes. Chromosomal passenger 

proteins play multiple roles in mitosis, including initiating cytokinesis. 

Finally, components of the spindle assembly checkpoint (SAC) ensure that 

cells progress through anaphase only when all chromosomes have been 

segregated correctly.

lA.a. Cohesion
Sister chromatids are linked to each other from the time of DNA 

replication until they are separated at anaphase. Linkage is mediated in two 

ways; by DNA catenation and by chromatid-linking proteins. DNA catenation 

results from the DNA duplication process, and most of the linkages produced 

are resolved by topoisomerase II during S and G2 phase (Holm, 1994). 

Chromatid-linking proteins generate the cohesion which resists tension
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experienced by chromosomes resulting from alignment on the metaphase 

plate at mitosis and meiosis. Cohesion between sister chromatids helps to 

ensure that sister kinetochores bind MTs emanating from opposite poles; once 

one kinetochore has been captured by MTs from one pole, topological 

constraints make it likely that the other kinetochore will bind MTs from the 

opposite pole. In the absence of the cohesin sub-unit Sccl (discussed below), 

sister chromatids fail to biorient on the spindle in one third of mitoses 

(Tanaka et al., 2000). Sister chromatid cohesion also prevents chromosomes 

with double strand breaks from fragmenting and facilitates repair by 

recombination.

The separation of sister chromatids during anaphase can be triggered 

by the sudden loss of cohesion alone rather than by the mechanical forces 

generated by the spindle. Evidence for this comes from observation of acentric 

fragments in both plant and animal cells. These fragments are observed to 

separate at the onset of anaphase (when mitosis is not prolonged) without 

being acted on by opposing poleward forces, indicating that the cohesion that 

holds chromatids together is normally dissolved at the metaphase/anaphase 

transition (Khodjakov and Rieder, 1996). Cohesion is the key target of the SAC 

control of the metaphase-anaphase transition.

Studies in budding yeast using optical tags placed in cis to centromeres 

indicate that cohesion acts as a "spring" which is not sufficient to completely 

resist the separating force generated by bipolar microtubule attachment but 

which is critical for maintaining the dynamic balance between spindle forces 

and chromosome integrity required for successful mitosis. Centromeres 

separate soon after spindle pole duplication in a kinetochore- and 

microtubule-dependent fashion (Tanaka et al., 2000; Goshima and Yanagida, 

2000; He et al., 2001). Sister centromeres move as much as 1 ^m apart prior to 

anaphase and oscillate at a variable separation distance. Sites just 35 kb away 

from the centromere do not show this separation. In the absence of Sccl, the 

chromosomes separate prematurely (Michaelis et al., 1997).
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1 Aa.i. Factors mediating mitotic cohesion

Biochemical analyses in X. laevis and genetic studies in yeast have 

identified a conserved multiprotein complex, cohesin, that plays a key role in 

sister chromatid cohesion and the regulated release of cohesion by APC- 

dependent proteolysis at the onset of anaphase (Lee and Orr-Weaver, 2001). 

The four cohesin subunits, Sccl/Mcdl/Rad21, Smcl, Smc3 and Scc3, are 

conserved from yeast to humans (Guacci et al., 1997; Losada et al., 1998; 

Michaelis et al., 1997; Toth et al., 1999). In mitotic S. cerevisiae cells, cohesin is 

found both at centromeres and at discrete sites along the chromosome arms 

(Tanaka et al., 1999a). In human cells, cohesin associates with DNA elements 

containing Alu sequences, and association also correlates with methylation of 

lysine of histone H3 and acetylation of histones H3 and H4 (Hakimi et al., 

2002). Concentration of cohesin at centromeres requires a functional 

centromere and is dependent on the presence of active Cse4p, Mif2p and 

NdclOp in budding yeast, suggesting that there is a close relationship 

between sister centromere cohesion and kinetoehore assembly (Tanaka et al., 

1999; Megee and Koshland, 1999).

Much of our knowledge of the roles of these conserved cohesion 

proteins comes from studies in S. cerevisiae. These studies suggest a three step 

process for establishing and subsequently dissolving sister chromatid 

cohesion. The first step is the assembly of cohesin from its four subunits; 

Sccl/Mcdl (Rad21 in D. melanogaster, S. pombe and X. laevis), Smcl, Smc3 and 

Scc3. Smcl and Smc3 both contain long coiled coil regions and ATPase 

domains. They form a heterodimer with the dimerisation domains forming an 

open hinge and with the ATPase heads distal (Anderson et al., 2002). Electron 

micrographs suggest that Sccl associates with the SMC head domains and 

together Sccl, Smcl and Smc3 form a ring-like structure (Anderson et al., 

2002). Co-expression experiments in insect cells found that following 

cleavage of Sccl, the N terminal portion of Sccl remained associated with 

Smc3 and the C terminal fragment remained associated with Smcl. 

Furthermore, Sccl was unable to bind headless Smcl and Smc3 proteins, even 

though they were able to form a heterodimer efficiently (Haering et al., 2002). 

A recent study used a biochemical approach to show that Sccl does indeed 

form a link between the Smc protein subunits. This revealed that the N and C
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terminal fragments of Sccl remained linked after anaphase, and that this 

attachment is dependent on an intact Smcl/Smc3 heterodimer. Cleaving the 

ring at any position in Smcl, Smc3 or Sccl releases cohesin from chromatin 

and destroys sister chromatid cohesion (Gruber et al., 2003). Together these 

results strongly suggest that the cohesin complex forms a ring around the two 

sister chromatids which physically traps them together.

In the second step, another multiprotein complex, consisting of Scc2 

(Mis4 in S. pombe) and Scc4 facilitates deposition of cohesin onto 

chromosomes (Ciosk et al., 2000; Furuya et al., 1998). Ecol/Ctf7 (Esolp in 

S.pombe) is also required for establishing cohesion during S phase (Tanaka et 

al., 2000; Toth et al., 1999). Maintenance of cohesion until anaphase requires 

the presence of the anaphase-inhibitory factor, securin (Pdsl in S. cerevisiae, 

Cut2 in S. pombe^ pimples in Drosophila, and hSecurin in human cells) (Mei et 

al., 2001; Stratmann and Lehner, 1996; Waizenegger et al., 2002). This factor 

inhibits the activity of a conserved protease "sister-separating" protein called 

separin or separase (Espl in S. cerevisiae and Cutl in S. pombe) until the onset 

of anaphase (Amon, 2001; Ciosk et al., 1998; Hauf et al., 2001).

The third stage is the cleavage of Sccl by separase at the onset of 

anaphase (Ciosk et al., 1998; Salah and Nasmyth, 2000; Uhlmann et al., 1999). 

Securin inhibition of separase is released by APC-mediated degradation of 

securin when all the chromosomes are correctly attached to the spindle 

(Yanagida, 2000). The anaphase promoting complex (APC) is an E3 ubiquitin- 

protein ligase which targets key cell-cycle regulators for degradation by the 

proteosome (Clarke, 2002). The involvement of the APC in the release of 

cohesion was suggested by the finding that whilst degradation of the mitotic 

cyclins was not required for sister chromatid separation (Surana et al., 1993), 

if the cyclin destruction process was overloaded in Xenopus extracts, sister 

chromatid separation was blocked (Holloway et al., 1993). The APC is 

regulated at the metaphase-anaphase transition by Cdc20. Association with 

Cdc20 activates the ubiquitin-conjugating activity of the APC which then 

triggers degradation of securin releasing separase to cleave Sccl, thus 

releasing cohesion (Nasmyth, 1999).
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1.4.a.ii. Cohesion at the centromere and chromosome arms

The cohesion mechanisms underlying arm and centromere cohesion 

appear to be distinct as phosphatase activity is required for centromere 

separation but not arm disjunction in vertebrate cells. Chromosomes in HeLa 

cells treated with a phosphatase inhibitor during mitosis fail to disjoin at the 

centromere despite the arms becoming fully separated (Ghosh et al., 1993). 

Similarly, it is possible to induce the separation of the centromere region in 

the absence of arm disjunction. Topoisomerase II activity is required during 

mitosis in vertebrate cells to mediate arm disjunction but not centromere 

disjunction (Downes et al., 1991). In yeast, centromeric and arm cohesion may 

be distinguished by association with heterochromatin proteins. In S. ponibe, 

the heterochromatin protein Swi6 is required for centromeric association of 

cohesin but not arm cohesion (Bernard et al., 2001, Nonaka et al., 2002).

In the absence of centromere cohesion, arm cohesion appears to be 

sufficient to support chromatid cohesion until anaphase. A laser microbeam 

was used to sever the centromere of a biorientated chromosome in vertebrate 

cells, so that the sister chromatids were no longer tethered at the centromere 

but were still subjected to poleward forces exerted through the kinetochore. 

The chromatids were found to remain associated until anaphase onset and 

then to disjoin (Rieder and Cole, 1999).

1.4.b. The centromeric chromatin- kinetochore interface

The kinetochore of budding yeast has been extensively characterised, 

so this will be discussed and the homologies in other organisms will be 

described. Inner kinetochore components mediate interactions between the 

CENP-A chromatin that is a conserved feature of centromeres, and the core 

kinetochore complex. Inner kinetochore requirements have been extensively 

characterised in budding yeast. The assembly of the kinetochore in S. 

cerevisiae first requires the binding of the CBF3 complex to the essential CDEIII 

region of the centromere. The CBF3 components do not have homologues in 

other organisms, possibly because they bind specific sequences at the 

centromere which other species do not have.
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The CBF3 complex is composed of four proteins; NdclO, Cep3, Ctfl3 

and Skpl, all of which are essential (Connelly and Hieter, 1996; Doheny et al., 

1993; Goh and Kilmartin, 1993; Jiang et al., 1993; Lechner, 1994; Lechner and 

Carbon, 1991; Stemmann and Lechner, 1996; Strunnikov et al., 1995). Strains 

with temperature-sensitive mutations in these sub-units exhibit greatly 

elevated rates of chromosome loss under semi-permissive conditions (Sorger 

et al., 1995). The CBF3 complex is absolutely required but not sufficient to 

mediate interaction between MTs and CEN DNA (Sorger et al., 1994). The 

complex can interact with CDEJII in the absence of functional Cse4 or intact 
microtubules (Measday et al., 2002).

Investigation of the CBF3 complex using protein hydrodynamics 

revealed that Skpl and CtflS form a heterodimer, whilst Cep3 and NdclO 

form homodimers. CtflS can associate with Skpl, Cep3 and NdclO in the 

absence of centromeric DNA and is thought to form the structural core of 

these subcomplexes. Assembly of the CBF3/CDEIII complex requires 

association of Skpl with CtflS, which mediates the phosphorylation- 

dependent activation of CtflS, which then binds CepS. Ctfl3/Skpl/Cep3 

then interact with NdclO and bind CDE7J7 (Russell et al., 1999). The rate of 

disassociation of the complex from DNA is very slow in vitro, taking at least 3 

hours (Espelin et al., 1997). Free CtflS is very unstable, which may help to 

prevent ectopic kinetoehore formation.

The CBF3 complex is thought to bind to the right of CDEIII and atomic 

force microscopy indicates that CBF3 binding induces some winding of DNA 

and a sharp bend of approximately 55 degrees in the DNA at the binding site 

(Pietrasanta et al., 1999). This would enable the CBF3 complex to interact with 

the non-essential Cbfl homodimer, which binds CDE I, over the CDE7J/Cse4 

region (Hemmerich et al., 2000) (Mellor et al., 1990; Niedenthal et al., 1993). 

Cbfl may be the budding yeast equivalent of the mammalian centromere 

protein CENP-B, which is non-essential but which binds a specific sequence 

within the alpha satellite repeats (Cooke et al., 1990). This interaction may 

stabilise the higher order structure of the centromere and provide a stable 

binding surface for the kinetoehore complex (Cleveland et al., 2003).
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Fig. 1.4. Centromere-kinetochore organisation, a. Organisation of a human 
centromere-kinetochore. Electron micrograph section of a human centromere, 
artificially coloured to show key elements. The inner centromere (violet) consists of 
centromeric chromatin, factors required for cohesion and regulatory proteins. The 
inner kinetochore (pink) forms on the centromeric chromatin, and mediates 
interactions with the outer kinetochore. The outer kinetochore (yellow) is responsible 
for microtubule binding (microtubules shown in green), and is also where mitotic 
checkpoint proteins are found. From Cleveland et al., 2003. 
b. Schematic of the budding yeast centromere-kinetochore. The budding yeast 
kinetochore binds a single microtubule (shown in green). Diagram details some of the 
complexes known to be present at the centromere-kinetochore of budding yeast. 
Colour scheme corresponds to that in part (a) above. The inner centromere (violet) 
consists of Cbf1, Mif2 and the Cbf3 complex. The inner kinetochore (pink) comprises 
the Ctf19, Ctf3, Mtw1 and NdcSO complexes. The outer kinetochore (yellow) includes 
the DASH complex, which is regulated by the Iph complex, and the spindle 
checkpoint. See text for more information and references.
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The final component of the budding yeast inner kinetochore is the 

CENP-C homologue Mif2. Mif2 has a DNA binding motif and is thought to 

interact with CDEII, but has not been shown directly to bind CDEII (Meluh 

and Koshland, 1995). CENP-C/Mif2 is essential , and mutants exhibit 

chromosome missegregation and aberrant spindles (Brown et al., 1993). 

Disruption of the CENP-C gene in mice causes mitotic disarray and early 

embryonic lethality (Kalitsis et al., 1998). The mammalian homologue CENP- 

C associates with centromeric DNA and localises to the inner plate of the 

kinetochore (Fukagawa and Brown, 1997; Fukagawa et alv 1999; Saitoh et alv 

1992; Tomkiel et alv 1994). Although CENP-C binds the same alpha-satellite 

subfamilies as CENP-B, FISH/immunofluorescence of extended chromatin 

fibres has indicated that they exist in distinct domains (Politi et al., 2002; 

Sugimoto et al., 1999). Metazoan CENP-C may function as a scaffold for the 

assembly of the outer kinetochore as CENP-C/HCP4 inhibition in C. elegans 

results in failure of functional kinetochore formation and sister centromere 

resolution (Moore and Roth, 2001). A fission yeast CENP-C homologue, Cnp3, 

has recently been identified (Pidoux, personal communication).

lA.c. The core kinetochore complexes

The kinetochore proteins form the physical linkage between the 

centromeric chromatin and the spindle MTs. Recent studies have begun to 

elucidate how kinetochore proteins are organised into distinct complexes in 

budding yeast. Protein purification from yeast extracts has revealed that 

kinetochore proteins in budding yeast are organised as 4 complexes: a 12 

subunit Ctfl9 complex and a 4 subunit NdcSO complex, which are both core 

structural kinetochore complexes; a 9 subunit DASH complex which mediates 

kinetochore-MT interactions; and a 3 subunit chromosomal passenger protein 

complex (Cheeseman et al., 2002a; Fig. 1.4). The Ct£19 complex can be further 

divided into the Ctfl9, Ctf3 and Mtwl sub-complexes (Nekrasov et al., 2003). 

The proteins that make up these complexes and their functions are described 

below. The functions of the complexes are conserved in fission yeast and 

metazoans, even where the individual components are not, and homologues 

are also described. Table 1.1 (next page) lists the homologues in different 

organisms. Fission yeast kinetochore components are discussed in the final 

section.

Chapter 1: Infrod act ion 24



Fission yeast

CENP-A/Cnp1

Apb1/Cbh1/Cbh2

Cnp3

Swi6

Clr4

Mal2

Mis6

Mis12

Sim4

NdcSO

Nuf2

Spc24

Dis1

Alp14/Mtc1

Mal3

Budding yeast

Cse4

Cbf1

Mif2

Mcm21

Ctf3

Mtw1

NdcSO

Nuf2

Spc24

Stu2

Stu2

EB1

Metazoan

CENP-A

CENP-B

CENP-C

HP1

Su(var3-9)

CENP-I

Mis12

CENP-H

Ndc80/HEC

Nuf2

Spc24

chTog/XMAP215

chTog/XMAP215

Bim1

References

Meluhetal., 1998.

Nakagawa et al., 2002; 
Tanaka et al., 2001

Pidoux, unpublished 
data; Meluh and 
Koshland 1995.

Bannister etal., 2001; 
Nakayama et al., 2001.

Nakayama et al., 2001.

Jin et al., 2002; Ortiz et 
al., 1999.

Measday et al., 
2002;Saitoh etal., 1997.

Goshima et al., 2003; 
Goshima and Yanagida, 
2000.

Pidoux et al., 2003.

DeLuca etal., 2002; 
Howe etal., 2001; 
Nabetani etal., 2001; 
Wigge and Kilmartin, 
2001.

He etal., 2001; 
Nakaseko et al., 2001.

Beinhaueretal., 1997; 
long etal., 2001.

Table 1.1. Fission yeast centromere-kinetochore proteins and their 
homologues. Budding yeast and metazoan homologues of some fission yeast 
centromere-kinetochore factors are shown above. References indicate reported 
homologies and do not represent all papers published on each factor.



Novel kinetochore factors in fission veast

The core kinetochore complexes are thought to function as "adapters" 
which can interact with both the core centromere and the distal kinetochore 
factors that interact with MTs. In budding yeast, this function is performed by 
the Ctfl9, Mtwl, Ctf3 and NdcSO complexes. The Ctfl9 complex components, 
Ctfl9, Mcml6, Mcml9/Iml3, Mcm21, Mcm22, Okpl, Ctf3, Chl4, Nkpl, Nkp2, 
Amel and Mtwl are thought to form the structural core of the kinetochore in 
S. cerevisiae (Cheeseman et al., 2002a). Single ctf3, mcm22, mcml6 and ctf!9 

deletion strains show similar rates of chromosome fragment loss as the 

quadruple mutant, suggesting that they function in a complex and that 
removal of one is equivalent to removal of all (Measday et al., 2002). The Ctfl9 
complex components localise to the kinetochores but not along the spindles, 

and kinetochore localisation of all components examined so far requires 

functional NdclO (Cheeseman et al., 2002a; Goshima and Yanagida, 2000; 

Mythreye and Bloom, 2003; Ortiz et al., 1999). Members of the Ctfl9 complex 

are required for accurate chromosome segregation (Hyland et al., 1999; 

Kouprina et al., 1993; Measday et al., 2002; Ortiz et al., 1999; Poddar et al., 

1999; Roy et al., 1997; Sanyal et al., 1998).

A recent study used a conditional dicentric chromosome to investigate 

which of the Ctfl9 complex components are required for the establishment, 
rather than the maintenance, of kinetochores (Mythreye and Bloom, 2003). A 

strain bearing a mutation in a kinetochore factor may exhibit stable 

maintenance of the dicentric plasmid relative to a wild type strain, either 

because one kinetochore is non-functional, or because both are weaker, and 
thus less likely to catch MTs (Doheny et al., 1993). In the dicentric 

chromosome breakage assay, the M4A strain was found to segregate the 
dicentric chromosome stably after activation of the conditional centromere, 

suggesting that Chl4 is required for establishment of the kinetochores. 

However, ndclO-2, mcm2lA, mcml9/ iml3A, mcmlBA and ctflBA strains show 

chromosome breakage, indicating that the activated second centromere has 

nucleated a kinetochore (Mythreye and Bloom, 2003).

A number of the Ctfl9 and Mtwl complex components have 

homologues in other organisms. The Ctf3, Mtwl and Mcm21 homologues in 
fission yeast are Mis6, Misl2 and Mal2 respectively (Jin et al., 2002; Measday
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et al., 2002). The mammalian centromere protein, CENP-I, shows homology to 

Mis6 (Nishihashi et al., 2002). Mtwl also has a human homologue, hMis!2 

(Goshima et alv 2003). Okpl has some homology to the metazoan protein 

CENP-F, suggesting that the Ctfl9 complex is evolutionarily conserved (Ortiz 
et al., 1999).

The four components of the S. cerevisiae NdcSO complex; NdcSO, Spc24, 

Spc25 and Nuf2, were originally identified as localising to nuclear face of the 

SPB and to MTs by immuno-EM (Wigge et al., 1998). A subsequent study 

using GFP-tagged proteins determined that the only structures to show 

significant levels of these factors are the kinetochores (He et al., 2001). 

Localisation of the NdcSO components to kinetochores during 

metaphase/anaphase requires the CBF3 complex (He et al., 2001). NdcSO, 

Nuf2, Spc24 and Spc25 associate with the centromeres by ChIP (He et al., 

2001; Janke et al., 2001; Wigge and Kilmartin, 2001). In all four NdcSO complex 

mutants, there are defects in chromosome segregation, indicating that the 

chromosomes fail to attach correctly to the spindle. All the DNA remains in 

the mother cell in spc24-2 and spc25-7 mutant cells (Janke et al., 2001). All 

double mutant combinations of the NdcSO complex components are lethal, all 

four mutants show a genetic interaction with ndclO-1, and ndc80-l is lethal in 

combination with a deletion of CTF19 (Wigge and Kilmartin, 2001).

NdcSO and Nuf2 are required for transient sister separation and 

centromeres fail to cluster in ndcSO, spc24-2 and spc25-7 cells, suggesting that 

there is a defect in kinetochore-MT attachments or that interactions between 

the kinetoehore and the spindle pole body are defective (He et al., 2001; Jin et 

al., 2000; Wigge et al., 1998). spc24-2 cells fail to arrest in response to 

nocodazole treatment, as do cells deleted for the spindle checkpoint 

component mad2 (Janke et al., 2001). ndc80-l and nufl-61 cells arrest at 37°C, 

whereas nuf2-457 and an ndc80-l strain where nuf2 protein function is 

eliminated using the degron tag, fail to arrest (He et al., 2001; McCleland et al., 

2003). In two-hybrid experiments, Spc24 interacts with the core kinetoehore 

component Mcm21 and Spc25 interacts with the checkpoint component Madl 

(Janke et al., 2001; Newman et al., 2000). This suggests that the NdcSO 

complex in budding yeast may act as a "linker" between spindle checkpoint

Chapter 1: IrvtrocJaction 26



Novel kinetoehore factors in fission yeast

and core kinetoehore components to enable checkpoint assembly at the 

kinetoehore. Consequently, checkpoint function can be lost in NdcSO complex 

mutants, depending on the severity of the kinetoehore disruption caused by 
the mutation.

Fission yeast NdcSO, Nuf2 and Spc24 also localise to kinetochores 

(Nabetani et al., 2001; Wigge and Kilmartin, 2001). In the fission yeast nuf2 

deletion strain, the spindle elongates without segregating chromosomes, 

indicating that spindle function is defective, but cells do not arrest. As with 

budding yeast, checkpoint function appears to depend on the severity of the 

disruption of the complex as nufl-2 and nuf2-3 mutants arrest but nuf2-l and 

nu/2 deleted cells do not (Nabetani et al., 2001).

There are metazoan homologues of NdcSO (HEC in humans) and Nuf2 

(HIM-10 in C. elegans), which localise to the periphery of the kinetoehore but 

no homologues of Spc24 and Spc25 have been identified to date (DeLuca et 

al., 2002; Howe et al., 2001; Nabetani et al., 2001; Wigge and Kilmartin, 2001). 

When HIM-10 is depleted in C. elegans embryos, lagging and mono-orientated 

chromosomes are seen, and the kinetoehore lacks the outer coronal layer, 

demonstrating that there are defects in kinetochore-MT attachments (Howe et 

al., 2001). The Nuf2 and NdcSO homologues may have evolved slightly 

different roles in yeast and in metazoan cells. In NdcSO /HEC depleted cells, 

chromosomes segregate randomly, rather than to just one pole, and cells fail 

to form proper mitotic spindles (Chen et al., 1997). hNuf2 depletion by RNAi 

in HeLa cells results in the cells arresting with unaligned chromosomes, and 

then undergoing cell death, rather than remaining blocked as seen on 

depletion of the spindle assembly checkpoint component and motor protein 

CENP-E (DeLuca et al., 2002). This suggests that there is still a checkpoint, 

but cells are unable to maintain it. In X. laevis, antibody depletion of either 

xNuf2 or xNdcSO results in chromosomes failing to align on the spindle and 

cells exit prematurely from mitosis showing that the checkpoint is defective.

Together, these results suggest that NdcSO and Nuf2 are evolutionarily 

conserved outer kinetoehore factors that contribute to kinetoehore 

architecture and are required for two functions of the kinetoehore; correct
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kinetochore-MT attachments and spindle checkpoint function. In yeast there 

is functional redundancy between the four NdcSO complex components with 

regard to the spindle checkpoint, but the absence of Spc24/Spc25 homologues 

in metazoans means that loss of either NdcSO or Nuf2 results in the loss of the 

checkpoint, as seen in X. laevis, or in the cells being unable to maintain the 

checkpoint, as seen in HeLa cells.

1.4.d. Chromosomal passenger proteins

Chromosomal passengers are essential proteins found in eukaryotes 

from yeast to humans which play multiple roles during mitosis. They are 

required for chromosome condensation, alignment and segregation and also 

for the successful completion of cytokinesis. They were originally defined by 

their dynamic distribution in mitosis (Earnshaw and Bernat, 1990). Passenger 

proteins localise along the entire chromosome during prophase, concentrating 

at the inner centromere by metaphase. At anaphase they transfer to the mid- 

zone between segregating chromosomes. They were first proposed as 

candidates for co-ordinating chromosomal and cytoskeletal functions in 

mitosis more than a decade ago (Earnshaw and Bernat, 1991). The group has 

four members to date: INCENP, Aurora kinase, Birl/Survivin and TD-60, 

which are all inter-dependent for localisation.

The chromosomal passenger proteins have been implicated in 

tumourigensis. Birl/Survivin is upregulated in many tumours (Ambrosini et 

al., 1997). Birl/Survivin is an IAP protein, which suggested a role as an 

inhibitor of apoptosis as several lAPs are known to bind and inhibit caspases. 

However, the potential role of Survivin in apoptosis remains controversial. 

The presence of a Birl homologue in budding yeast argues against a role in 

apoptosis as there are no known caspases in yeast and mouse Survivin- 

deleted cells appear to die from chromosome segregation and cytokinesis 

defects rather than programmed cell death (Silke and Vaux, 2001). The Aurora 

kinases are also upregulated in a variety of cancers and disruption of Aurora 

function results in aneuploidy (Bischoff et al., 1998; Tanaka et al., 1999b; 

Tatsuka et al., 1998; Zhou et al., 1998).
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INCENP, for inner centromere grotein, was first identified in a screen 

for proteins tightly associated with the mitotic chromosome scaffold (Cooke 

et al., 1987). INCENP forms a complex with Aurora B and is required for the 

localisation of Aurora B and Birl / Survivin (Adams et al., 2000; Kaitna et al., 

2000; Kim et al., 1999; Wheatley et al., 2001). The budding yeast homologue, 

SH15, stimulates the kinase activity of Ipll, the budding yeast Aurora 

homologue (Kang et al., 2001). INCENP may be involved in the regulation of 

sister chromatid separation as the presence of INCENP on the inactive 

centromere of a dicentric chromosome correlates with the level of cohesion 

between the sisters (Vagnarelli and Earnshaw, 2001).

Birl / Survivin interacts with Aurora B and INCENP, is required for 

their localisation to centromeres in C. elegans and in cultured human cells and 

stimulates Aurora kinase activity in vitro (Carvalho et al., 2003; Speliotes et al., 

2000; Wheatley et al., 2001). Birl-deleted C. elegans embryos exhibit defects in 

chromosome condensation, alignment and segregation (Speliotes et al., 2000). 

Survivin is required for the maintenance of BubRl at kinetochores during 

prolonged arrests, but not for the initial recruitment, and is also required for 

the proper functioning of the spindle checkpoint in the presence of taxol, 

which abolishes spindle tension (Carvalho et al., 2003). Localisation of TD-60 

is identical to that of INCENP throughout the cell cycle, and both INCENP 

and TD-60 extend beyond the spindle to the cell cortex in late anaphase cells 

suggesting that they may play a role in the initiation of cytokinesis 

(Martineau-Thuillier et al., 1998). TD-60 depleted cells exhibit spindle defects, 

activate the spindle checkpoint and are blocked in prometaphase (Mollinari et 

al., 2003).

There is a single aurora kinase in budding yeast, Ipll, one in fission 

yeast (gene number spcc330.16), two in the fruit fly (DmAurora and DmlAL- 

1), frog (XIEg2 and XAIRK2) and worm (CeAIR-1 and CeAIR-2). In 

mammalians there are three auroras, named the Aurora A, Aurora B and 

Aurora C kinases (Bischoff and Plowman, 1999). Aurora A kinases (the 

homologues of XlEg2 and CeAIR-1) are involved in spindle dynamics and 

bind Cdc20 (Farruggio et al., 1999). Aurora B kinases (the homologues of 

XAIRK2 and CeAIR-2) are required for chromosome condensation,
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segregation and for the completion of cytokinesis (Kaitna et al., 2000; Speliotes 

et al., 2000).The Aurora C kinases are centrosome-associated in late mitosis 

and are thought to play a role in centrosome function (Kimura et al., 1999). In 

budding yeast, Ipll plays a role in spindle disassembly, ipll mutants can 

stabilise fragile spindles and Ipll has been found to track the plus ends of 

depolymerising MTs and may regulate the plus ends to promote chromosome 

segregation and spindle disassembly (Buvelot et al., 2003).

Aurora B phosphorylates a number of factors required for mitosis, 

including chromatin and kinetochore components and factors involved in 

cytokinesis. One of the earliest known Ipll/Aurora B substrates was the 

kinetochore component NdclO. S. cerevisiae ipll mutants were found to have 

defects in chromosome segregation and altered kinetochore-MT binding. 

NdclO interacts with Ipll and is an in vitro substrate for the kinase (Biggins et 

al., 1999). Ipll appears to act in opposition to the type 1 phosphatase Glc7. 

NdclO is hyper phosphorylated in glc7 mutants and dephosphorylation of 

NdclO by Glc7 is required for capture of kinetochores by MTs (Sassoon, 1999). 

Conversely, phosphorylation by Ipll disrupts binding of MTs by kinetochores 

(Biggins, 1999). Histone H3 serine 10 and CENP-A serine 7 have also been 

found to be Aurora B / Ipll kinase substrates (Hsu et al., 2000; Zeitlin et al., 

2001). In budding yeast, a major function of the chromosomal passenger 

complex is the regulation of kinetochore-MT attachment by Ipll 

phosphorylation of Daml, a component of the DASH complex, discussed in 

the next section.

1.4.e. Kinetochore-microtubule interactions

The outer kinetochore is thought to mediate kinetochore-MT 

attachments. In budding yeast, the DASH complex binds MTs in vitro and is 

thought to be responsible for the establishment of interactions between the 

kinetochore and MTs (Cheeseman et al., 2001a). Temperature-sensitive DASH 

strains arrest at the restrictive temperature with large buds and display high 

chromosome missegregation rates, indicating that there is a defect in 

kinetochore-MT attachment but that the checkpoint is intact (Cheeseman et 

al., 2002a; Cheeseman et al., 2001b; Enquist-Newman et al., 2001). Mutants 

form bipolar spindles but fail to maintain intact spindles, suggesting a second
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role for the DASH complex in ensuring spindle integrity. A range of spindle 

defects are seen in mutant strains, including bent or broken spindles, hyper- 

elongated spindles and extremely short spindles (Cheeseman et al., 2001b; 

Enquist-Newman et al., 2001; Li et al., 2002).

The DASH complex, also known as the Daml complex, consists of 10 

components: Daml, Duol, Dadl, Dad2, Dad3 and Dad4, Askl, Hskl, Spcl9 

and Spc34, which are all essential and which localise to the kinetochores, 

mitotic spindle, and spindle poles (Cheeseman et al., 2002a; Cheeseman et al., 

2001a; Enquist-Newman et al., 2001; He et al., 2001; Janke et al., 2002; Wigge et 

al., 1998). Localisation of the DASH complex to kinetochores requires NdclO 

and NdcSO and, unlike the Cctfl9 and NdcSO complexes, is at least partially 

microtubule-dependent (Enquist-Newman et al., 2001; He et al., 2001; Janke et 

al., 2002; Jones et al., 2001; Li et al., 2002).

Daml is required for transient sister chromatid separation and 

chromosomes attach to a single pole and fail to congress in daml mutants (He 

et al., 2001). In spc34 mutant cells, chromosomes also associate with a single 

pole and preferentially with the old SPB (Janke et al., 2002). This suggests that 

a function of the DASH complex is to promote biorientation by stimulating 

cycles of kinetoehore/SPB attachment/detachment until the chromosomes are 

correctly orientated.

Mass spectrometry allowed the identification of 18 in vivo 

phosphorylation sites in purified budding yeast kinetoehore complexes 

(Cheeseman et al., 2002a). This included phosphorylation sites in four 

subunits of the DASH complex; Askl, Daml, Spc34 and Spcl9. Daml had 

already been identified as a substrate of Ipll kina.se (Li et al., 2002) and as it is 

thought that Daml confers the microtubule binding abilities of the DASH 

complex (Hofmann et al., 1998), Daml is a candidate for mediating the 

regulation of the complex. spc34/daml combination phosphorylation mutants 

were found to have chromosome segregation defects (Cheeseman et al., 

2002a). ipll-2 and ipll-321 mutants also show defects in chromosome 

segregation and preferential attachment of DNA to the old SPB (Biggins et al., 

1999; Kim et al., 1999; Tanaka, 2002). Abolition of all the Ipll phosphorylation
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sites of Daml (by mutating serine to alanine) is lethal, and mutating the sites 

to mimic constitutive phosphorylation (serine to asparagine) is lethal in 

combination with a mutation in glc7, the phosphatase that opposes ipll in 

vivo. A strain in which three of the four Daml phosphorylation sites are 

mutated to mimic constitutive phosphorylation exhibits lagging 

chromosomes, which is indicative of weak MT-kinetochore attachments. 

Association of the DASH complex with the centromere is greatly reduced in 

the ipll background. Localisation is restored in the ipll-2 mutant when 

combined with mutations in daml that mimic constitutive phosphorylation of 

two or three of the phosphorylation sites (Cheeseman et al., 2002a). Spindle 

integrity is not affected in these phosphorylation mutants, and localisation of 

DASH to microtubules is normal in ipll-2 mutants (Kang et al., 2001).

These findings support a model where kinetochore-MT interactions are 

regulated through phosphorylation of Daml by Ipll, which modulates the 

association of the DASH complex with the centromere. Furthermore, it 

appears that a constant cycle of phosphorylation and dephosphorylation is 

required, which may promote attachment and disassociation of kinetochores 

from spindle microtubules. This in turn would promote correct bipolar 

attachment of chromatids.

Daml is a non-motor microtubule-associated protein (MAP). 

Homologues of the DASH subunits exist in a number of fungal species, 

however, to date, no metazoan homologues have been reported (Cheeseman 

et al., 2002b; Cheeseman et al., 2001b; Enquist-Newman et al., 2001). Other 

MAPs function to link kinetochores and MT plus ends during periods of 

polymer growth and shrinkage in yeast and metazoans.

The chTOG/xMAP215 proteins are a conserved family of microtubule- 

associated proteins. The Drosophila homologues are Minispindles and MAST, 

the budding yeast homologue is Stu2, and fission yeast has two homologues, 

Alpl4/Mtcl and Disl (discussed in the final section). The chTOG/xMAP215 

proteins bind microtubules in vitro, stimulating growth at the plus ends 

(Tournebize et al., 2000; Vasquez et al., 1994; Wang and Huffaker, 1997). They 

localise to the centrosomes throughout mitosis, and spread onto the spindles
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during metaphase and anaphase (Charrasse et al., 1998; Cullen et al., 1999; 

Lemos et alv 2000). Stu2 exhibits NdclO-dependent kinetoehore localisation 

(He et alv 2001). In stu2 mutants, microtubules are less dynamic and spindles 

do not orientate correctly, suggesting that this family destabilise MTs and 

induce their depolymerisation, and may thus promote the detachment of 

mono-orientated sister chromatids and the poleward movement of 

chromosomes (Kosco et al., 2001).

EB1 (Biml in S. cerevisiae) is found at the ends of growing, but not 

shrinking, microtubules and is thought to stabilise microtubules. EB1 is found 

specifically on kinetochores that are moving anti-poleward (Tirnauer et al., 

2002). EB1 binds Adenomatous Polyposis Coli protein, which in turn binds 

and stabilises microtubulues, and may localise APC to the microtubule ends 

(Kaplan et al., 2001; Su and Qi, 2001). The fission yeast homologue, Mal3, 

localises to microtubules and over-expression causes spindle abnormalities 

and results in severe growth inhibition (Beinhauer et al., 1997).

The CLIP-170 family are microtubule plus end-binding proteins that 

are thought to be involved in the formation of the initial kinetochore- 

microtubule interaction. CLIP-170 can be detected on unattached 

kinetochores, but not those that have aligned on the metaphase plate 

(Dujardin et al., 1998). The S. cerevisiae homologue, BIK1, localises to the SPBs 

and the mitotic spindle and also to kinetochores in an NdclO-dependent 

manner (Berlin et al., 1990; He et al., 2001). Chromosome segregation defects 

are seen in bikl mutants and the mutation is synthetically lethal with 

mutations in a- and (3-tubulin, whilst over-expression results in spindle 

microtubules that are very short, or non-existent (Berlin et al., 1990; Lin et al., 

2001).

The MCAK family (for mitotic centromere-associated kinesins) are kinl 

kinesins; non-motile motor proteins which remove subunits from the plus 

ends of microtubules, using energy from ATP hydrolysis (Desai et al., 1999) 

(Hunter et al., 2003). They are thought to be involved in poleward movement 

of chromosomes at anaphase (Maney et al., 2000). MCAK is localised at the 

kinetoehore plate and depletion, or expression of a mutant form lacking the
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motor domain that binds centromeres but not microtubules, results in 

chromosome segregation defects (Maney et al., 1998). MCAK is recruited to 

kinetochores at prophase, and requires its ATP-binding domain for correct 

nuclear localisation (Wordeman et al., 1999). Depletion of the X. laevis MCAK 

homologue, XKCM1, increases the length of microtubule arrays in vitro, 

conversely, over-expression of MCAK almost abolishes microtubules (Maney 

et al., 1998; Walczak et al., 1996).

1.4.e.i. Motor proteins

In metazoan cells, motor proteins play an important role in 

chromosome movement. Motor proteins can move chromosomes by 

converting energy from ATP hydrolysis into movement. Dynein is a minus 

end directed motor with multiple functions in the cell, making it difficult to 

analyse its role in mitosis. When D. melongaster embryos were injected with 

dynein inhibitors a spectrum of effects was seen; most severe nearest the site 

of injection where there were defects in centrosome separation whilst further 

away cells exhibit defects in chromosome positioning and movement (Sharp 

et al., 2000). Dynein may be required for chromosome alignment on the 

metaphase spindle and to accelerate the poleward movement of disjoined 

chromosomes at anaphase. The dynein complex may work together with 

MCAK/xKCMl to transport chromosomes polewards while they disassemble 

the plus ends. This disassembly may be coupled to poleward chromatid 

movements by CENP-E, which anchors kinetochores to shortening plus ends 

(Wood et al., 1997). Dynein constantly transports checkpoint proteins 

including CENP-E, Mad2 and Bubl, away from the kinetochores, which is 

thought to be important for inactivation of the spindle checkpoint (Howell et 

al., 2001; Wojcik et al., 2001).

Dynein and its putative activator, dynactin, have been localized to 

kinetochores in various systems (Banks and Heald, 2001). Dynein is targeted 

to kinetochores by the ZWIO/Rod/Zwilch complex, probably through an 

interaction of ZW10 with the a subunit of the dynactin complex (Scaerou et 

al., 2001; Starr et al., 1998). ZW10, Rod and Zwilch localize to the outer 

kinetoehore at prometaphase, the kinetoehore microtubules at metaphase, and 

the kinetochores again at anaphase (Scaerou et al., 2001; Williams et al., 2003).
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ZWlO and Rod are also components of the spindle checkpoint. In mutants the 

sisters separate precociously in the presence of spindle destabilizing drugs, 

indicating that the checkpoint is compromised, although Bub 1 and 3 show 

normal localisation (Basto et al., 2000; Basu et al., 1998).

CENP-E is a kinesin-related plus end motor which is thought to 

stabilise microtubule capture by maintaining attachment between 

kinetochores and the ends of disassembling microtubules (Lombillo et al., 

1995; McEwen et al., 2001; Putkey et al., 2002). CENP-E localises to the fibrous 

corona, and also with the outer kinetoehore plate, during mitosis and is 

required for the kinetoehore localisation of dynein (Cooke et al., 1997; 

Wordeman et al., 1996).

1.4./. The spindle checkpoint

The spindle checkpoint (or spindle assembly checkpoint, SAC) 

monitors interactions between chromosomes and the mitotic spindle, 

ensuring that cell does not enter anaphase until all the chromosomes are 

correctly attached. Elegant experiments in vertebrate somatic cells almost a 

decade ago revealed that the presence of a single unattached kinetoehore will 

prevent the cell from entering anaphase and that the "wait signal" must be 

generated by the unattached kinetoehore of the pair as laser ablation of the 

unattached kinetoehore results in the cells entering anaphase (Rieder et al., 

1995). The checkpoint also monitors tension at kinetochores arising from 

biorientation and thus also prevents anaphase onset in the presence of mono- 

orientated sister chromatid pairs (Li and Nicklas, 1995). There is some debate 

over whether these two triggers stimulate two separate branches of the 

spindle checkpoint, or whether there is a single checkpoint response pathway. 

In either case, activation of the spindle checkpoint delays anaphase onset by 

preventing the destruction of the cohesion complex which binds sister 

chromatids together. This is achieved through regulation of the degradation 

of substrates by the anaphase promoting complex (APC). The spindle 

checkpoint regulates entry into anaphase by inhibiting Cdc20 activation of the 

APC. The spindle checkpoint may inhibit the APC either by preventing Cdc20
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Fig. 1.5. The spindle checkpoint regulates progression through 
mitosis. Release of the cohesion which prevents sister chromatid 
separation is regulated by the spindle assembly checkpoint. Unattached 
kinetochores are thought to generate a "wait" signal which inhibits the 
degradation of cohesion. This "wait" signal is thought to result in Cdc20 
forming a complex with Mad2 and BubR1/Bub3, or possibly all three. 
See text for more information and references. This prevents the 
anaphase promoting complex (ARC) from triggering cohesin destruction 
and thus prevents entry into anaphase until all kinetochores are correctly 
attached to the mitotic spindle.

(From Musacchio and Hardwick, 2002)
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from binding the APC or by inhibition of the ubiquitin ligase activity of the 
Cdc20/APC complex.

Components of the spindle checkpoint were first identified in genetic 

screens in S. cerevisiae and have since been found to be conserved from yeast 

to humans. The initial screens identified six spindle checkpoint genes: BUB1, 

BUB2 and BUB3 (budding uninhibited by benzamidazole), MAD1, MAD2, 

and MADS (mitotic arrest deficient) (Hoyt et al., 1991; Li and Murray, 1991). 

Bubl, Bub3, and Madl-3 are all essential for spindle assembly checkpoint 

function, while Bub2 is involved in monitoring spindle positioning as part of 

the mitotic exit network. Mpsl, a kinase known to be essential for SPB 

duplication was also found to be required for checkpoint function (Weiss and 

Winey, 1996) (Fig. 1.5). Another protein known to be involved in the 

checkpoint is Heel, for highly expressed in cancer. Heel is the mammalian 

homologue of yeast NdcSO and is required for kinetochore localisation of 

Madl/Mad2 (Martin-Lluesma et al., 2002; Wigge et al., 1998).

Studies in yeast and tissue culture cells have found that the loss of a 

single checkpoint protein results in inactivation of the entire checkpoint. In 

yeast, the spindle checkpoint is not essential under normal conditions (Taylor,

1999). In C. elegans loss of the spindle checkpoint results in an accumulation of 

defects, including chromosome mis-segregation, resulting in sterility, and 

ultimately lethality (Kitagawa and Rose, 1999). In mice, disruption of MAD2 

and BUBS results in embryonic lethality (Dobles et al., 2000; Kalitsis et al.,

2000). Mice with haplo-insufficiency of Mad2 are susceptible to lung cancer as 

are mice with haplo-insufficiency of Bub3 and a Bub3-related mitotic 

checkpoint regulator Rael (Babu et al., 2003; Michel et al., 2001). An age- 

dependent decrease in levels of mRNAs coding for checkpoint proteins is 

seen in human oocytes which may contribute to the age-dependent increase in 

the frequency of aneuploidy (Steuerwald et al., 2001).

Bubl is essential for establishment and maintenance of the checkpoint. 

Bubl also localises to kinetochores, however, unlike Madl and Mad2, Bubl 

remains on kinetochores that have attached and eventually dissociates during 

anaphase. Bub3 has also been demonstrated to interact with Cdc20 (Fraschini
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et al., 2001). Work in Xenopus has demonstrated that Bubl is required for 

localisation of Madl, Mad2, Bub3 and CENP-E to the kinetochore (Sharp- 
Baker and Chen, 2001).

Mad2 forms a complex with Cdc20 which inhibits APCcdc2° mediated 

degradation of Securin (Hwang et al., 1998; Kirn et al., 1998). Mad2 has been 

shown to interact constitutively with Madl and this interaction is thought to 

localise Mad2 to unattached kinetochores on checkpoint activation (Chen et 

al., 1999). A pool of Madl-free Mad2 is required for checkpoint function in 

Xenopus which may be necessary for maintaining levels of Mad2 at the 

kinetochore as turnover rates for Mad2 at the kinetochore have been shown to 

be high (approximately 25 seconds) (Chung and Chen, 2002; Howell et al.,

2000). In fission yeast, Mad3 (the homologue of BubRl) is required for 

metaphase arrest induced by Mad2 over-expression, indicating that Mad3 is 

involved in transducing the "wait" signal to the APC (Millband and 

Hardwick, 2002). Mpsl is required for recruitment and retention of active 

CENP-E at kinetochores in metazoans, which in turn is required for 

kinetochore association of Madl and Mad2 (Abrieu et al., 2001). The spindle 

checkpoint components are interdependent for kinetochore localisation and 

Bubl may provide the initial scaffold for recruitment (Musacchio and 

Hardwick, 2002).

The Cdc20/APC complex can also be inhibited in vitro in a Mad2- 

independent manner by a complex of proteins that includes BubRl (Tang,

2001). BubRl binds CENP-E directly (Chan et al., 1998); work in X.laevis 

indicates that CENP-E-dependent activation of the kinase domain of BubRl is 

required for checkpoint signalling by unattached kinetochores (Mao et al., 

2003) however, it has also been reported that checkpoint function in Xenopus 

eggs where BubRl has been immunodepleted can be rescued with a kinase- 

dead form of BubRl (Chen, 2002).

How the checkpoint components co-ordinate to effect mitotic delay in 

response to different stimuli is controversial. One possible scenario is that 

there are two branches to the spindle checkpoint and that one branch, 

mediated by Mad2, responds to the presence of unattached kinetochores, and
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the other, mediated by BubRl, responds to a lack of tension. However, recent 

work in PtK cells under hypothermic conditions where kinetochore-MT 

numbers are normal, but where tension is reduced, has found that disrupting 

both Mad2 and BubRl function induces anaphase with the same kinetics as 

single disruptions suggesting that Mad2 and BubRl function in a single 

pathway (Shannon et al., 2002). An APC inhibitory complex isolated from 

HeLa cells (named the mitotic checkpoint complex, MCC) was found to 

contain BubRl, Bub3, Cdc20 and Mad2 (Sudakin et al., 2001) and co- 

immunprecipitation experiments indicate that an equivalent complex may be 

formed in budding yeast (Fraschini et al., 2001). This complex was found to 

have 3000 times the inhibitory activity of Mad2 alone in vitro (Sudakin et al., 

2001). However, other labs have found that in checkpoint-arrested cells, 

Cdc20 can be found in two separate complexes containing either Mad2 or 

BubRl but not both (Fang, 2002; Tang et al., 2001).

1.5. The centromere-kinetochore in fission yeast

The budding yeast centromere has been thoroughly investigated as a 

model for the requirements for a minimal centromere due to its small size and 

simplicity. However, S. cerevisiae centromeres are specified by an essential, 

conserved sequence. Centromeres in higher organisms are characterised by 

long arrays of AT-rich, repetitive DNA. Fission yeast is a better model in this 

regard as centromeres in fission yeast are much larger than those in budding 

yeast, and consist of tandemly arrayed repeats. Furthermore, fission yeast 

centromeres consist of a non-repetitive central domain surrounded by regions 

packaged as transcriptionally silent heterochromatin, as are those in higher 

organisms (Chikashige et al., 1989; Fishel et al., 1988). S. cerevisiae centromeres 

only associate with a single MT, unlike centromere-kinetochores in higher 

eukaryotes which bind multiple MTs, and fission yeast kinetochores, which 

bind 3-4 MTs (Ding et al., 1993; Winey et al., 1995). We have therefore chosen 

to focus on the S. pombe centromere as it is a good model for complex 

centromeres and is a genetically tractable organism.
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l.S.a. Centromere organisation in fission yeast

The genome size of S. pombe is 13.8 Mb, which is arranged as three 

chromosomes; chromsome I (5.7 Mb), chromosome II (4.6 Mb) and 

chromosome III (3.5) (Wood et al., 2002). Fission yeast centromeres are 300- 

1000 fold larger than those of budding yeast. The centromere of chromosome 

1 spans 35 kb, those of chromosomes 2 and 3 span 65 kb and 110 kb 

respectively (Fig. 1.2). The three centromeres differ in detail, but are similar in 

overall structure, and there are some variations between the centromeres of 

laboratory and wild type isolates of S. pombe. All three have an AT-rich central 

core, cntl, cnt2 and cnt3 respectively, which share 48% identity over a 1.4 kb 

region. These are flanked by imperfect, AT-rich imr repeats (imrlL, imrlR, etc.) 

(Kuhn et al., 1991; Takahashi et al., 1991). The imr repeats are surrounded in 

turn by variable numbers of -4.4 kb dg and -4.8 kb dh repeats (which together 

are known as the otr flanking regions) (Clarke et al., 1986; Clarke and Baum, 

1990; Takahashi et al., 1992; Wood et al., 2002). dhl,2 and 3 share 48% identity 

over a 1.8 kb region and, most strikingly, there is a 1.8 kb region in the dg 

repeats that shares 97% identity between the three centromeres (Wood et al., 

2002). This highly conserved region is part of the "centromere enhancer", also 

known as the K/K" repeat, and is essential for centromere function (discussed 

previously). A further repeat, the 0.3 kb cen 253 repeat, is found adjacent to 

the dh motif. There are no protein-coding genes in the centromere regions but 

there are a number of tRNA genes in the imr repeats and also one in the 

central core of chromosome III. The tRNA genes found in the imr repeats may 

contribute to centromere function by specifying a boundary between the 

central domain and the outer repeats (Partridge et al., 2000).

The central core and imr repeats together make up the central domain. 

The outer repeats (otr), which are composed of dg and dh repeats, are the 

equivalent of the pericentromeric heterochromatin of higher organisms. The 

central domain and the flanking repeats are distinct regions, and they 

associate with different sets of proteins. Ultrastructural studies have found 

that these two regions are also physically distinct (Kniola et al., 2001). The 

central domain is subject to relatively weak transcriptional silencing, whereas 

the genes inserted into the outer repeats are strongly silenced (Allshire et al., 

1995). S. pombe strains with the ade6+ gene placed within the central core of the
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Fig. 1.6. Micrococcal nuclease digestion of central core chromatin. Micrococcal 
nuclease digestion of central core chromatin gives a smear, instead of the ladder pattern 
seen when bulk chromatin is digested. The panels show digestion of a) bulk chromatin, 
and b) central domain chromatin with increasing amounts of micrococcal nuclease. When 
digested chromatin is Southern blotted, probes to bulk genomic regions reveal a ladder 
pattern, thought to result from the regular spacing of histone HS-containing nucleosomes 
(orange circles in schematic, DNA is black, arrows represent digestion by micrococcal 
nuclease). When central domain chromatin is digested, a smear pattern is seen, this may 
be because CENP-A-containing nucleosomes are irregularly spaced (top schematic), bind 
DNA more loosely (middle schematic), or are protected from digestion (bottom schematic, 
purple circles represent CENP-A-containing nucleosomes in schematic). See text for 
more information and references Micrococcal nuclease oictures orovided bv Pidoux
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centromere give rise to red-white sectored colonies when grown on low 

adenine media, compared with the white colonies seen when the ade6+ gene is 
at its euchromatic locus. In addition to this instability of gene expression, the 

occurrence of pink colonies indicates that intermediate levels of silencing can 
be established, or that chromatin can fluctuate between silenced and 

expressed states rapidly (Allshire et al., 1994). Similar mosaic expression from 
genetically identical cells is seen when the ura4+ gene is inserted at the central 

core of the centromere, resulting in colonies that can grow on both medium 

lacking uracil, and medium containing 5-fluororotic acid, which selects 

against cells expressing the ura4+ gene (Allshire et al., 1994). Mutations in 

central domain or outer repeat factors only alleviate transcriptional silencing 

of a marker gene inserted within their respective domains (Partridge et alv 

2000; Allshire et al., 1995). The silent mating type loci and telomeres of fission 

yeast are also packaged as transcriptionally silent heterochromatin (Allshire et 

al., 1995).
Central domain chromatin is unusual; on digestion with micrococcal 

nuclease, the central domain gives a smear pattern rather then the ladder 

pattern seen for the rest of the genome (including the outer repeats) 

(Takahashi et al., 1992; Polizzi and Clarke, 1991; Fig. 1.6). This may indicate 

that the central core chromatin is not packaged by regularly spaced 

nucleosomes. In a mis6 temperature-sensitive strain the smear is lost at the 

restrictive temperature and replaced by the ladder pattern seen for the rest of 

the genome, indicating that the central domain is no longer correctly 

packaged (Saitoh et al., 1997).

1.5.1). Outer repeat factors in fission yeast

Histone H3 in the otr repeats is methylated on lysine 9 by the SET- 

domain of the SuVar3-9 homologue, Clr4 (Nakayama et al., 2001). This 

methylation requires the activity of Rikl, a beta-propeller protein, and the 
chromodomain protein, Chpl (Nakayama et al., 2001; Partridge et al., 2002). 

Chpl binds methylated lysine via the chromodomain, and a Chpl deletion 

strain is viable but shows segregation defects such as lagging chromosomes 

and a high rate of chromosome loss (Doe et al., 1998; Borgstrom and Allshire, 

unpublished). Methylation of lysine 9 of histone H3 provides a binding site 

for the heterochromatin protein Swi6 (Bannister et al., 2001; Nakayama et al.,
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Fig. 1.7. Schematic of the fission yeast centromere-kinetochore. The
kinetochore is thought to form on the CENP-A/Cnp1-containing chromatin of 
the central domain. Many of the components are conserved; Mal2, Mist 2, 
Mis6, Cnp3 and CENP-A/Cnp1 are homologues of budding yeast Mcm21, 
Mtw1, Ctf3, Mif2 and CENP-A/Cse4 respectively. The NdcSO complex is also 
conserved. The outer repeats are packaged as heterochromatin and may play 
a role in forming the correct configuration for kinetochore assembly, so that 
the kinetochore traps microtubules from only one spindle pole. The outer 
repeat heterochromatin is required for cohesion between sister centromeres. 
See text for more information and references.
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2001; Fig. 1.7). Swi6 is the fission yeast homologue of the metazoan HP1 

protein and it is also found at the mating type loci and the telomeres. Swi6 

localisation at telomeres, centromeres and silent mating type loci is disrupted 

in clr4 and rikl mutant strains, and mutations in swi6, rikl or clr4 result in 

high rates of chromosome mis-segregation (Ekwall et al., 1995; Ekwall et al., 

1996). Methylation of lysine 9 also recruits the cohesin subunit Rad21, and 

Swi6-dependent heterochromatin formation has been shown to be essential 

for cohesion at the centromeres, but not at the chromosome arms (Bernard et 

al., 2001, Nonaka et al., 2002). Fragments of the otr repeats are able to induce 

transcriptional silencing of adjacent genes when inserted at a normally 

euchromatic locus (Partridge et al., 2002). The silenced chromatin was found 

to have histone H3 methylated on lysine 9 and to have recruited Swi6, 

demonstrating that the otr DNA was able to induce the formation of 

functional heterochromatin.

Histone H3 is under-methylated on lysine 4 in the outer repeats and 

both histone H3 and H4 are underacetylated. Transient treatment of cells with 

Trichostatin A (a specific inhibitor of histone deacetylases) results in loss of 

Swi6 localisation, loss of transcriptional silencing and in elevated rates of 

chromosome mis-segregation, indicating that histone H3 and H4 under- 

acetylation is important for heterochromatin formation (Ekwall et al., 1997). 

Recent studies have found that components of the RNAi machinery are 

required for heterochromatin formation and transcriptional silencing at the 

outer repeats of fission yeast. A mutant for one of the RNAi components, 

agol +, had previously been identified in a screen for mutations alleviating 

silencing at the outer repeats (Ekwall et al., 1999).

1.5.c. Kinetoehore proteins in fission yeast

Recent work in fission yeast has found that centromere-kinetochore 

proteins are organised into domains (Fig. 1.7). The chromatin interface 

contains CENP-A/Cnpl and CENP-C/Cnp3, and proteins such as CENP-B, 

the heterochromatin factor Swi6/HPl, and the chromosomal passenger 

protein INCENP in the surrounding heterochromatin. The spindle checkpoint 

proteins and motors/MAPS localise to the fibrous corona (Appelgren et al.,
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2003). This domain structure is conserved from fission yeast to humans 

(Kniola et al., 2001).

Mis6, which is required for CENP-A/Cnpl loading, and another 

protein isolated in the same minichromosome loss screen, Misl.2, have been 

proposed to be sister-centromere connecting proteins (Takahashi et al., 1994). 

They may be instrumental in ensuring biorientation of sister kinetochores by 

making the region between the sister centromeres rigid (Goshima et al., 1999). 

Mis6 displays 20% identity and 33% homology to budding yeast Ctf3. Cnp3 

shows homology to the metazoan inner kinetoehore plate factor CENP-C and 

localises to the central domain by chromatin immunoprecipitation (Pidoux, 

unpublished).

Other fission yeast core kinetoehore factors include Mal2 and Sim4. 

Mal2 is an essential protein which localises specifically to the central domain 

of the centromere, which has limited homology to the budding yeast core 

kinetoehore component, Mcm21 (Fleig et al., 1996; Jin et al., 2002). Mal2 is 

required for maintenance of the special chromatin of the central domain, as 

are Mis6 and Misl2, and mall* interacts genetically with mzs22 + . Similarly, 

mutations in inner centromere factors often result in abnormal metaphase 

spindle length (Goshima et al., 1999). Mutations in mis6, mis!2 and mall result 

in abnormally long metaphase spindles (Goshima et al., 1999; Jin et al., 

2002).Transcriptional silencing of the central domain is lost in mal2 mutants, 

and the mutant shows high rates of chromosome non-disjunction (Jin et al., 

2002). Mutations in sim4+ also result in loss of the specialised central domain 

chromatin structure and in high rates of chromosome mis-segregation 

(Pidoux et al., 2003). Sim4 is essential, co-immunoprecipitates with Mis6 and 

has weak homology to vertebrate CENP-H. Electron microscopy and 

immunofluorescence light microscopy has suggested that the conserved 

NdcSO complex forms an "anchor" structure between the central domain 

chromatin and the spindle pole body (Kniola et al., 2001).

The central domain components are essential and specific to 

centromere, whereas the outer repeat factors are non-essential and also 

localise to other heterochromatic regions in the genome. It therefore seems
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likely that the kinetoehore forms on the CENP-A/Cnpl-containing chromatin 

at the central domain. The heterochromatic flanking regions may be 

important for forming the correct configuration for kinetoehore assembly and 

they are responsible for cohesion between sister-centromeres. This model is 

supported by the localisation of Disl, a member of the chTOG-XMAP215 

family of proteins thought to mediate kinetochore-spindle MT attachments, to 

the central domain during M-phase (Nakaseko et al., 2001). However, 

Alpl4/Mtcl, another member of this family localises to the outer repeats by 

ChIP (Garcia et al., 2001). Alpl4/Mtcl and Disl connect kinetochores to the 

mitotic spindle and they are essential for proper chromosome segregation 

together with the kinl-kinesins Klp5 and Klp6 (Garcia et al., 2001).

Alpl4 may also be a component of the Mad2-dependent spindle 

checkpoint as the alp!4 mutant is hypersensitive to microtubule poisons and 

the alp!4mad2 double mutant shows no increased loss of viability (Garcia et 

al., 2001). Fission yeast has three phases to spindle dynamics: formation, 

constant length during anaphase A, when the chromosomes move, and an 

anaphase B extension phase where the chromosomes segregate as a result of 

the spindle extension (Nabeshima et al., 1998). Disl is needed for the second 

phase; constant spindle length and chromosome oscillations, possibly by 

establishing a normal linkage between SPBs and kinetochores via the MTs. In 

the disl mutant, sister centromeres separate transiently multiple times before 

final segregation. In approximately 30% of mutant cells, sister centromeres 

separate slightly, for a significant time period, however, sisters never separate 

properly (Nabeshima et al., 1998).

Klp5 and Klp6 are the fission yeast MCAK homologues. They form a 

heterodimer and localise to early mitotic kinetochores and the late spindle 

mid-zone and are mutually dependent for localisation (West et al., 2002). In 

mutants both unattached kinetochores are seen, and also attached 

kinetochores where there is no tension, distinguished by the presence of Bubl 

(Garcia et al., 2002).. The klp5klp6 double mutant is viable but chromosomes 

never congress properly, and it is lethal in conjunction with a mutation in 

Bubl or mutations in the APC complex (West et al., 2002). This suggests that 

the Klp5/6 heterodimer is involved in spindle capture and tension
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Figure 1.8. Fission yeast strain used in the silencing screen. The strain 
(3027/3033, see Appendix C, Pidoux et al., 2003) has a promoter-crippled a/g3+ 
gene inserted in the central core of chromosome I, cntl (blue oval). The strain 
also has the ura4* gene inserted in the outer repeat regions of chromosome II 
(orange rectangle), and a promoter-crippled his3+ gene inserted at teHL (green 
rectangle). Telomeres are black triangles. Silencing at the mating type loci can 
be assessed by iodine staining. Screen carried out by Pidoux (Pidoux et al., 
2003).
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generation. The phenotypes are similar to those seen on loss of CENP-E in 

metazoans, indicating that Klp5 and Klp6 in fission yeast may fulfil the role 

played by CENP-E in higher organisms. As chromosomes still move in the kip 

mutants, other motors must be present. A possible candidate is pkll+, a 

kinesin-related protein identified by raising antibodies to the conserved 

kinesin motor domain (Pidoux et al., 1996). Pkll localises to the mitotic 

spindle and SPBs, binds microtubules and over-expression results in v- and 

star-shaped spindles, indicating that the SPBS have not separated. Over- 

expression of pklT can also rescue a cold-sensitive y-tubulin mutant (Paluh et 

al., 2000).

l.S.d. A silencing screen to identify novel kinetoehore components

The phenomenon of transcriptional repression at the centromere in S. 

pombe was utilised to screen for potential kinetoehore components. A strain 

was constructed with the arg3 + marker gene at the central core of centromere I 

(cntl) and the ura4+ marker at the outer repeat region of centromere II (otrl) 

(Fig. 1.8, Pidoux et al., 2003). The arg3 + has a crippled promoter so that the 

weak silencing at the central core region is sufficient for its repression in wild- 

type cells. The strain also contained the his3+ gene at a telomeric position so 

that mutations which affected silencing specifically at the centromere could be 

distinguished from those affecting silencing generally. The strain was 

mutagenised and fast growing arg+ colonies were selected. Mutants 

representing seven complementation groups were identified, siml-7, for 

silencing in the middle of the centromere. All seven mutants display mis- 

segregation phenotypes and alleviation of silencing at the central core. Sim4 

has been tagged with GFP and has been shown to localise to the kinetoehore 

(Pidoux et al., 2003). Sim2 encodes CENP-A/Cnpl, a histone H3-like protein, 

as discussed above, and is a multi-copy suppresser of sim7 and siml. This 

study describes the further characterisation of the siml, sim6 and siml 

phenotypes and also of the function of the Siml protein.
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Chapter 2: Materials and methods

2.1. General information

All oligonucleotides used during the course of the thesis are listed in

Appendix A and were synthesized by MWG Biotech.

All constructs made during the course of this thesis are listed in Appendix B,

and are in the Allshire lab collection.

All yeast strains used are listed in Appendix C. The following strain numbers

were used for the sim strains unless stated otherwise:

siml-15 4435
siml-106 4483
sim6-86 4467
sim7-29 4445
sim7-149 4507
szm7-202 4550

The isogenic wild type strains used were: 3027/33 (with markers, strain from

silencing screen, Pidoux et al., 2003)
The wild type strains used with no markers were 1645/6, see Appendix C for

full genotypes.
Antibodies used are listed in Appendix D.

2.2. Chemicals and solutions

Chemicals supplied by Sigma unless stated otherwise. All solutions based on 

Sambrook et al., 1989, unless stated otherwise.

General solutions

SP Buffer 1.2 M D-sorbitol
50 mM sodium citrate (Fisher Scientific)
50 mM Na2HPO4.7H2O
40 mM EDTA
pH adjusted to 5.6 with orthophosphoric acid.
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spl 1.2 M D-sorbitol
50 mM sodium citrate (Fisher Scientific) 
50 mM Na2HPO4.7H2O (Riedel-deHaen) 
40 mM EDTA 
pH to 5.6 with orthophosphoric acid.

20X SSC 175.3 g NaCl (Fisher Scientific) 
88.2 g tri-sodium citrate 
per litre.

20X TBE 216.0 g Tris base
110.0 g boric acid 
80.0 ml 0.5 M EDTA (pHS.O) 
per litre.

6X DNA loading buffer
300 mM Tris-HCl
6 mM EDTA
18% (w / v) Ficoll (Type 400, Pharmacia)
0.15% (w/v) bromocresol green
0.25% (w/v) xylene cyanol

TE 10 mM Tris-HCl pH8
1 mM EDTA

PEM 100 mM PIPES pH7
1 mM MgCl2
1 mM EDTA

PEMS PEM containing 1.2 Msorbitol

PEMBAL 1% BSA (high quality e.g Sigma A0281)
100 mM lysine hydrochloride
0.1% sodium azide
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SPZ Buffer 1.2 M D-sorbitol
100 mM sodium phosphate buffer pH 7.4
2.5 mg/ml zymolyase-lOOT (ICN Biochemicals Inc.)

Denaturing solution
1.5 M 
0.5 M

NaCl 
NaOH

Phosphate buffer 105 g 
44 g

NaH2PO4.2H20 (Riedel-deHaen) 
Na2HPO4 (BDH Laboratory Supplies)

Church and Gilbert Buffer 
25ml 
7% 
in 1 litre.

phosphate buffer 
SDS (Fisher Scientific)

Solutions for protein analysis

2X protein sample buffer
2%
50 mM 
2mM 
10% 
0.03%

SDS
Tris-HCl pH 6.8
EDTA
glycerol
bromophenol blue
(3-mercaptoethanol

5X Running buffer
30 g Tris base 

144 g glycine 
5g SDS 
in 1 litre dH2O

Destain 25% methanol 
7% acetic acid 

in dH20
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PBS 10 g NaCl 
0.25 g KC1 
1.43 g Na2HPO4 
0.25 g KH2PO4 
Autoclaved.

PBS-Tween

Blotting buffer

PBS plus 0.2% Tween-20
(Polyoxyethylene sorbitan monolaurate, BioRad)

20ml 
60ml 
20ml

5X Running buffer
dH2O
methanol

Blocking buffer 5% 
0.2%

in PBS

dried milk powder
Tween-20
(diluted from a 20% stock in PBS)

Elution buffer 200 mM glycine, pH 2.8 

0.1% BSA 
Filter sterilised.

Glutathione 5mM 
50 mM 
0.25 M

glutathione 
Tris-HCl pHS.O 
KC1

Solutions for immunoprecipitations

Lysis buffer (protein co-immunoprecipitations)
50 mM HEPES, pH 7.6 

75 mM KC1 
1 mM MgCl2 
1 mM EGTA 
0.1% TritonXlOO
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Lysis buffer (chromatin immunoprecipitations)

50 mM HEPES-KOH, pH7.5
140 mM NaCl
1 mM EDTA
1% v/v TritonXlOO
0.1% w/v sodium deoxycholate

Lysis buffer with 0.5 M NaCl
Lysis buffer with 0.5 M NaCl.

Wash buffer 10 mM Tris-HCl, pH 8.0
0.25 M LiCl
0.5% NP-40
0.5% w/v sodium deoxycholate
1 mM EDTA

TES 50 mM Tris-HCl, pH 8.0
10 mM EDTA
1% SDS

Solutions for plasmid DNA preparations

Resuspension buffer

Lysis buffer

50 mM
10 mM
25 mM

1%
0.2 M

glucose
EDTA
Tris-HCl pH8

SDS
NaOH

Neutralisation buffer
25 g 
15ml 

in 100 ml.

potassium acetate 
acetic acid
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Antibiotic stocks

Stock Solution Working concentration 
Ampicillin 50 mg / ml in dH2O 50 fig / ml 
Chloramphenicol 34 mg / ml in ethanol 170 jug / ml 
Kanamycin 10 mg /ml in dH2O 50 jug/ ml

Yeast and bacterial media

Allshire laboratory media recipes, modified from Moreno et al., 1990, and 
Sambrook et al., 1989.

LB 10 g
5g 
10 g 
per litre.

bacto-peptone (BD) 
yeast extract (DIFCO) 
NaCl

Supplement stocks
50X
100X
100X
100X
20X
Autoclaved.

adenine 0.5 g/1 
arginine 1 g/1 
histidine 1 g/1 
leucine 1 g/1 
uracil0.2g/l

PMG liquid medium
20 g/1
3 g/1 
1.8 g/1 
3.74 g/1 
lml/1 
0.1 ml/1 
20 ml/1

D-glucose anhydrous (Fisher Scientific)

pthallic acid
Na2HPO4 (Riedel-deHaen)
glutamic acid
vitamins
minerals
salts

IX supplements, depending upon selection required 

Autoclaved.
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Yeast Extract with supplements (YES) liquid medium
30 g/1 D-Glucose anhydrous (Fisher Scientific)
5 g /1 yeast extract (DIFCO)
250 mg/I arginine
250 mg/1 histidine
250 mg/I leucine
250 mg/1 uracil
250 mg/1 adenine
Autoclaved.

PMG solid medium
20 g /1 bacteriological agar No. 1 (OXOID)
20 g/1 D-glucose anhydrous (Fisher Scientific)
3 g/1 pthallicacid
1.8 g /1 Na2HPO4 (Riedel-deHaen)
3.74 g/1 glutamic acid
1ml/I vitamins
0.1 ml/I minerals
20 ml/I salts
IX supplements, depending upon selection required

Autoclaved.

PMG-complete PMG medium plus:
20 ml/I adenine
10 ml/I arginine
10 ml/I histidine
10 ml/I leucine
50 ml/I uracil
For selective medium, the relevant supplement was

omitted.

Yeast Extract Supplements (YES) solid medium
20 g/1 bacteriological agar No. 1 (OXOID) 
30 g/1 D-glucose anhydrous (Fisher Scientific) 

5 g /1 yeast extract (DIFCO)
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250 mg/I arginine 
250 mg/I histidine 
250 mg/I leucine 
250 mg/I uracil 
250 mg/I adenine 
Autoclaved.

YES limiting adenine solid medium

As for YES solid medium but with only 10 mg/1 adenine, 

Autoclaved.

Malt extract (ME) plates
20 g /1 bacteriological agar No. 1 (OXOID)

30 g /1 malt extract (OXOID)

250 mg/1 adenine
250 mg/1 arginine
250 mg/1 histidine
250 mg/1 leucine
250 mg/1 uracil
Autoclaved.

5-Fluoro-orotic acid agar plates

YES agar was prepared as described, then cooled after autoclaving to 65°C 

and 1 g/1 5-fluoro-orotic acid (FOA, Melford Laboratories) added. Agar was 

incubated at 65°C with occasional shaking until the FOA powder was 

completely dissolved before pouring. FOA is metabolised into a toxic product 

in cells which are capable of synthesising uracil, and so provides counter 

selection for expression of the ura4+ gene.

Phloxine-B agar
For phloxine-B agar, 2.5 mg phloxine-B was added per litre PMG or YES agar. 

Cells take up pigment from the agar; dead cells are unable to excrete the 

Phloxine-B and so strains that are unable to grow at a restrictive temperature 

are seen as dark pink colonies on this medium.
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Dimethyl sulphoxide plates

YES or Phloxine-B media were made as described, and dimethyl sulphoxide
(DMSO) added to 4% final volume.

2.3. Yeast procedures

(Allshire lab methods, adapted from Moreno et al., 1990, and Forsburg lab 
protocols, http: / /pingu.salk.edti / ~forsburgs/ protocols.html).

Growth of fission yeast cells

Cells for DNA preparations, immunofluorescence and immunoprecipitations 
were grown in liquid culture in shaking incubators at the permissive 
temperature (25°C -30°C). Cells were counted using phase contrast 
microscopy using a haemocytometer (Marienfeld). For investigation of the 
temperature-sensitive mutant phenotypes cells were grown at 25°C overnight, 
samples for the permissive temperature (25°C) were harvested in the morning 
and an aliquot shifted to the restrictive temperature (36°C) for 6 hours to 
allow the cells to go through 3 cell divisions at the restrictive temperature 

before harvesting.

Cell stocks
Working stocks of strains were maintained on agar plates, under selection 
where appropriate. For frozen stocks, cells were grown overnight in liquid 
culture and mixed in a 1:1 ratio with 100% glucose in a NUNC cryo tube and 

stored at -70°C.

Mating
To induce mating, a loopful of cells from strains of the opposite mating type 
(h+ /h~) were mixed in a drop of sterile dH2O on ME agar, which is poor in 
nitrogen. The plates were incubated at 25°C for approximately 48 hours then 
the presence of spores was checked by light microscopy. Spores from each 
cross were scraped from the agar and placed into microfuge tubes containing 
diluted glusulase (1:100 dilution in dH20, filter sterilised, NEN™) to digest the 
cell wall, vortexed and incubated at 25°C for 2 days to release the spores from
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the asci. The spores were plated on YES agar or selective PMG agar to select 

for the desired genotype at 300-500 spores per plate.

Random spore analysis

For random spore analysis mating was induced as above. Approximately 

300-500 spores from each cross were plated on non-selective YES media and 

until colonies appeared. The plates were then replica plated to selective PMG 

media, or YES-phloxine B plates at 36°C, and a control plate of non-selective 

YES media and incubated for a further 2-3 days at the relevant temperature.

Tetrad dissection

For tetrad dissection of crosses, tetrads were taken from 2 day old crosses on 

ME plates onto YES. Individual tetrads were selected using a tetrad dissecting 

microscope (Singer Instruments MSM). Tetrads were incubated overnight at 

18°C before separating the spores from individual asci on YES plates. Plates 

were then replica plated to selective medium once the colonies had grown.

Iodine staining of spores

Cells were grown on ME medium to induce mating. Plates were incubated at 

25 °C for approximately 48 hours and the colonies exposed to iodine vapour 

by holding the plates over iodine crystals. The presence of spores is indicated 

by black staining.

Construction ofdiploid strains

Diploid strains were by crossing haploid strains carrying two different 

mutated alleles of the ade6 + gene. The ade6-210 allele gives the colonies a red 

colour on limiting adenine plates, whereas the ade6-216 confers a pink colour. 

In the diploid, intragenic complementation takes place between the two 

alleles, resulting in colonies that are white on limiting adenine. Cells were 

grown on ME medium overnight to induce mating. The next day, cells were 

streaked to medium lacking adenine every few hours to select for diploids 

before sporulation took place. Diploid strains were maintained on medium 

lacking adenine and used immediately.
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S. pombe transformation

This method uses lithium acetate and was used to transform fission yeast cells 

with both plasmid DNA and PCR fragments.

Cells were grown to a density of 5xl06-lxl07 cells/ml. The cells were 

harvested by centrifugation at room temperature for 3 minutes at 4000 rpm 

(Sorvall Legend RT). The pellet was washed in 5 ml 0.1 M lithium acetate (pH 

4.95 in TE) then resuspended in 5 ml 0.1 M lithium acetate and incubated for 

30 min at 30°C in a shaking incubator. Cells were harvested again as before 

and resuspended in 1 ml 0.1 M lithium acetate. Cells were divided into 150 \A 

aliquots and mixed with 15 ^1 DNA plus 370 fil 50% PEG 3350 in TE and then 

incubated for 30-40 min at 30°C in a shaking incubator. The cells were then 

heat shocked at 46°C for 20 min. Cells were harvested and resuspended in TE, 

then spread on selective medium using sterile glass beads and left to incubate 

at 25°C. Transformants appeared after 5-7 days.

Small scale S. pombe genomic DNA preparation

Cells were harvested (4000 rpm, 2 min) from 5 ml culture grown to early 

stationary phase in YES or minimal medium. The pellets were resuspended in 

0.25 ml SP buffer containing 0.4 mg/ml zymolyase-lOOT (ICN Biomedicals, 

Inc.) and incubated at 37°C for 30-60 min. Cells were harvested as before and 

resuspended in 0.3 ml TE. 50 pil 10% SDS was added, followed by vortexing, 

165 ul 5 M potassium acetate was then added, followed by further vortexing 

and incubation on ice for 30 min. The samples were centrifuged for 10 min at 

maximum speed in a micro centrifuge and the supernatant added to 0.75 ml 

isopropanol, vortexed and incubated on dry ice for 10 min then spun for 10 

min. The pellet was resuspended in 0.3 ml TE containing 100 fig/ml RNase 

and incubated for 30-60 min at 37°C. DNA was extracted with 

phenol/chloroform and precipitated with 2-3 volumes ethanol/ 1/10* 

volume 3 M sodium acetate on dry ice for 10 min, centrifuged, dried, and then 

resuspended in 20 ^1 TE.

Minichromosome Loss Assay

The mini-chromosome used to analyse the chromosome loss phenotypes of 

the mutants was the Chl6 minichromosome which contains the LEU2 + gene 

(Niwa et al., 1989). Colonies that have lost the minichromosome are red on
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limiting adenine. Cells containing the minichromosome were grown 

overnight at the permissive temperature in PMG -leu medium to select for 

the minichromosome. 4 x 104 cells were diluted into 10 ml dH2O and 750 cells 

plated per plate on limiting adenine YES plates. Plates were then incubated at 

a range of temperatures until colonies appeared and red colour developed. 

The number of half sector colonies, where the minichromosome was lost at 

the first division after plating, was counted and also the total number of 

colonies (excluding those which lost the minichromosome before plating, i.e., 

all red colonies, Allshire et al., 1995).

2.4. Immunofluorescence

Adapted from Hagan and Hyams, 1988.

Immunofluorescence in S. pombe: formaldehyde method

Cells were grown to log phase (i.e. 2 x 106 to 1 x 107 /ml) in cultures of 10 to 20 

ml overnight at 25°C. Cultures were harvested the following morning or 

shifted to the restrictive temperature (36°C) for 6 hours where appropriate. 

Cultures were counted and then fixed by adding freshly prepared 

formaldehyde to 3.7%, mixing, and then incubating at room temperature for 

approximately 30 min (7 min for aCENP-A/Cnpl, aSim4 and aSiml 

staining). Cells were then centrifuged in a Sorvall Legend RT benchtop 

centrifuge (2 min at 4000 rpm). Cells were washed twice with 5 ml PEM, 

resuspended in 1 ml PEMS and spun in a microfuge (for each spin, cells were 

spun for 30 sec, then the tube turned round and spun again to make a 

compact pellet). The cells were resuspended at 1 x 108 /ml in PEMS containing 

0.3 mg/ml zymolyase-lOOT (ICN Biomedicals, Inc.) and 0.3 mg/ml novozym 

(Novo Industries) and incubated at 37°C until 80% of the cells were 

spheroplasted (monitored by phase-contrast microscopy: spheroplasted cells 

are phase-dark, which normally occurs after about 10 min.). An alternative 

spheroplasting procedure was to resuspend cells at 1 x 108 /ml in PEMS 

containing 1 mg/ml zymolyase-lOOT and incubate at 37°C for 90 min. This 

alternative spheroplasting procedure was used for the CENP-A / Cnpl, Siml 

and Sim4 antibodies. After spheroplasting, cells were pelleted and washed

Chapter 2: Materials and methods 56



Novel kinetoehore factors in fission veast

three times with 0.5 ml PEMS. Cells were resuspended in a little of the final 

wash by gentle vortexing and 1 ml PEMS containing 1% TritonXlOO was 
added. Samples were mixed and incubated for 1 min. The cells were then 

washed twice more with PEMS and then once with PEM before being 
resuspended in 0.5 ml PEMBAL and incubated for approximately 1 hour with 

rotation at room temperature. The cells were then centrifuged and 

resuspended in 100 jul PEMBAL containing primary antibody at the 

appropriate dilution and incubated overnight with rotation. This was 
followed by three PEMBAL washes (2-30 min each) and incubation with 100 

\JL\ PEMBAL containing the appropriate secondary antibody with rotation for 

4 hours at room temperature or overnight at 4°C. After incubation in the 

secondary antibody (see Appendix D), cells were again washed with 

PEMBAL, then incubated in PEM+ 0.1% sodium azide + DAPI (1:500 dilution 

of a 1 mg/ml stock) for 5 min. Cells were then washed with PEM-azide, then 

resuspended to give a cloudy suspension of cells. 2 n\ cell suspension were 

spread on a polylysine-coated slide (Menul-Glaser), allowed to dry, a drop of 

Vectashield (Vector Laboratories, Inc.) was added, plus a coverslip, and the 

slide sealed with nail polish.

Formaldehyde
37% formaldehyde fix was made fresh from solid paraformaldehyde by

dissolving 10 g paraformaldehyde, plus 1 ml 10 M NaOH in 26 ml PEM at
65°C with occasional shaking. The fix was cooled to room temperature before

use.

Immunofluorescence of microtubules in S. pombe: formaldehyde- 

glutaraldehyde method
This method was used for treating cells for staining with the TAT1 anti- 

tubulin antibody, and was adapted from Hagan and Hyams, 1988. 
Cells were fixed by adding formaldehyde to 3.7% and glutaraldehyde to 

0.0625%. Cells were processed as above, except that after incubation in PEMS- 

TritonXlOO and washing with PEMS/PEM, cells were resuspended in 1 ml 

PEM + sodium borohydride (2 mg/ml solution, made immediately before 

use) and incubated for 10 min. Cells were then centrifuged and treated with 

PEM-sodium borohydride twice more, then washed 3 times in PEM, before
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incubating in PEMBAL and continuing as described above. Sodium 

borohydride reduces the glutaraldehyde to prevent the antibodies from 

binding non-specifically with the free group on the glutaraldehyde.

Mounting live cells for GFP fluorescence

From Nimmo et al., 1995.

Strains expressing GFP-tagged proteins were grown to log phase in the 

appropriate medium. 10 ml of mounting medium was made: 1% Low Melting 

Point agarose (Gibco BRL) in YES / selective medium and retained at 37°C to 

keep it molten. 1 ml log phase culture was centrifuged and the pellet 

resuspended in approximately 1 ml YES / selective medium. 4 |ul cells was 

applied to a clean microscope slide, 6 yl molten mounting medium added and 

mixed, then the coverslip applied and the cells viewed immediately.

Immunofluorescence microscopy

Microscopy was performed using a 100X Plan Neofluar 1.3 NA objective on a 

Zeiss Axioplan 2 IE fluorescence microscope equipped with Chroma 83000 

and 86000 filter sets, Prior ProScan filterwheel (Prior Scientific) and 

Photometries CoolSnapHQ CCD camera (Roper Scientific). Image acquisition 

was controlled using Metamorph software (Universal Imaging Corporation).

2.5. Bacterial procedures

Allshire lab protocols, adapted from Sambrook et al., 1989.

Transformation of chemically competent bacteria

An aliquot of competent cells was thawed on ice. 100 [i\ bacteria was added to 

10 \il ligation mix or 50 ng DNA, mixed and incubated on ice for 10-30 min. 

The bacteria were heat-shocked at 42°C for 90 sec and 300 ^.1 LB added (no 

antibiotic). After incubation at 37°C for 30 min, the cells were plated on 

selective medium and incubated at 37°C.
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Plasmid DNA preparation

Bacterial colonies were set up to grow overnight at 37°C in LB medium plus 

the relevant antibiotic. 1.5 ml of culture was spun down at maximum speed in 

a microfuge. 75 (xl Resuspension buffer was added, and the sample vortexed, 

followed by 150 ^il Lysis buffer and the tubes were then vortexed. Finally 90 

(xl Neutralisation buffer was added and the sample was vortexed before being 

spun at maximum speed for 2 min in a microfuge. The supernatant was taken 
into 1 ml ethanol, vortexed and then spun again for 2 min. The pellet was 

washed with 70% ethanol and dried before being resuspended in 25 yl TE. 

The sample could then be cleaned further by adding 30 jxl 5 M lithium 

chloride, and incubating on ice for 5 min to precipitate the RNA. The sample 

was then spun for 2 min and the supernatant was taken into 300 ^1 TE. The 

sample was phenol-chloroform extracted and taken into 1 ml ethanol and 

then spun for 2 min. The pellet was washed with 70% ethanol, dried and 

resuspended in 20 ^1 TE.

2.6. Protein techniques

Allshire laboratory methods unless stated otherwise.

Fission yeast protein preparations
Whole cell protein extracts were made by either spheroplasting or bead 

beating. The spheroplasting procedure was the one normally used. For both 

methods, cells were grown to log phase in 10-20 ml YES or minimal media.

Spheroplasting
Method from Pidoux and Armstrong, 1992.
Cells were pelleted in a benchtop centrifuge for 2 min at 4000 rpm. The pellet 

was resuspended in 1 ml PEMS and transferred to a microfuge tube. Cells 

were pelleted for 1 min, resuspended at 108 cell/ml in PEMS containing 

zymolyase (ICN Biomedicals, Inc.) at 0.4 mg/ml and incubated at 37°C for 20 

min. After incubation the samples were centrifuged and the pellet washed 

with PEMS. The pellet was resuspended at 5xl08 cells/ml in 2X sample buffer 

containing 2 mM PMSF. Samples were vortexed immediately and boiled for 5
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mm. After centrifugation, the supernatants were removed to a new microfuge 
tube. 5-10 jul were loaded on to a protein gel.

Bead-beating

Cells were pelleted in a Benchtop centrifuge for 2 min at 4000 rpm. The cells 
were washed with dH20 and resupended at 5xl08 cells/ml in 2x sample buffer 
containing 2 mM PMSF. The samples were transferred to a round-bottomed 
tube containing an equal volume of glass beads. The samples were then 
alternately boiled and vortexed vigorously for 5 min. The protein extract was 
transferred to a new tube (using a duck bill tip), spun in a microfuge and the 
supernatant retained. 10-20 jul was loaded on a protein gel.

SDS-PAGEgels

Proteins were analysed using SDS-PAGE, where proteins are separated on the 
basis of their size (an Allshire lab protocol adapted from Laemmli, 1970). 
Proteins are treated with SDS to coat the proteins with a negative charge, and 
p-mercaptoethanol to reduce disulphide bonds, prior to being loaded on the 

protein gel.

Separating gel
For 10 ml 10% separating gel:

3.3 ml 30% aerylamide/bis mix
4.0 ml dH2O
2.5 ml 1.5 M tris-HCl pH 8.8
100 Ml 10% SDS

the mixture was mixed and then the catalysts added when ready to pour: 
100 jul 10% ammonium persulphate 
10 ill TEMED

This separating gel mix was poured between pre-assembled gel plates 
(Hoefer) and overlaid with isopropanol to allow the gel to polymerise. After 
the gel had polymerised, the isopropanol was rinsed away and 2 ml of 
stacking gel containing 10 \il 10% ammonium persulphate and 4 \il TEMED 
was added and the gel comb inserted.

Chapter 2: Materials and methods 60



Novel kinetoehore factors in fission yeast

Stacking gel

For 100 ml 5% stacking gel:
17 ml 30% acrylamide /bis stock
12.5 ml 1 M Tris-HCl pH 6.8
1 ml 10% SDS
69.5 ml dH2O

Protein gels were run at 200 V for about 40 min in IX Running Buffer and 

then blotted to nitrocellulose or stained with Coomassie Brilliant Blue.

Coomassie Staining

The protein gel was soaked in Destain containing approximately 0.2% w/v of 

Coomassie Brilliant Blue and rocked for approximately 30 min. Excess 

staining was removed by rocking in Destain alone for approximately 30 min. 

Gels were dried using a Hybaid Gel Vac gel dryer at 80°C for approximately 

45 min.

Western Blotting

Method adapted from Harlow and Lane, 1988.
Gels were blotted to nitrocellulose (Schleicher and Schuell, pre-rinsed in 

dH2O and Blotting buffer) between 12 pieces of 3MM paper soaked in Blotting 

buffer using a Hoefer semi-dry transfer unit. The proteins were transferred 

using a current of 0.8 mA per cm2 gel for 1-2 hours. After transfer, blots were 

rinsed in dH2O, incubated in Ponceau stain for 2-5 min, rinsed again with 

dH2O and the positions of the protein markers noted. Blots were then rinsed 

with PBS and then blocked by rocking in 100 ml Blocking Buffer for 1 hour at 

room temperature. Blots were then rinsed in PBS-Tween and incubated 

overnight at 4°C in a plastic bag with the appropriate antibody (see Appendix 

D). After incubation, the blot was rinsed twice briefly in PBS containing 0.2% 

Tween-20 and then twice for 15 min with rocking. Blots were incubated at 

room temperature with vigorous shaking for at least an hour with the 

appropriate Horseradish peroxidase (HRP) conjugated secondary antibody at 

1:2500 in Blocking Buffer. After incubation, blots were washed in PBS-Tween 

as before, and then rinsed briefly with PBS. Blots were visualised using ECL
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reagents from Amersham Biosciences, incubated for 1 min and then exposed 

immediately to film.

Rabbit immunisation

Immunisation of rabbits to produce the Siml antibody was carried out by 

Diagnostics Scotland. Rabbits were injected with 0.5 mg Siml-GST fusion 

protein in 50% glycerol, and boosts were made at 4 week intervals. Test 

bleeds / exsanguination was carried out 1 week after each boost.

Affinity purification of antibodies on nitrocellulose

Allshire lab method, adapted from Smith and Fisher, 1984. 

The protein antigen was run on an SDS-PAGE gel and blotted to 

nitrocellulose. The filter was Ponceau stained and the protein band cut out. 

This band was washed with PBS and chopped finely, followed by a further 

wash with PBS + 0.1% sodium azide. 1 ml diluted antibody serum (diluted 1:5 

in PBS + 0.1% sodium azide) was added to the nitrocellulose strips and 

incubated at 4°C with rotation for 3 hours to overnight. After incubation the 

strips were washed twice with 1 ml PBS + 0.2% Tween-20 for 30 min with 

rotation at room temperature. 200 n\ elution buffer was then added and the 

strips incubated for 1-3 hours at room temperature with rotation. The 

supernatant was then removed to a fresh microfuge tube and two more short 

elutions carried out (50 jul elution buffer, 5 min incubation).The elutions were 

pooled and 14 jul 1 M Tris Base (not pHed) added to neutralise it. The eluted 

antibody was then dialysed against 25 ml PBS + 0.1% sodium azide on a 

Millipore 0.025 ^m dialysis filter for 30-60 min. The diluted serum was 

purified in this way three times in total.

Small scale purification of GST fusion proteins

Adapted from Smith and Johnston, 1988.

A 2 ml pre-culture was grown overnight at 37°C in LB + ampicillin. Two 

cultures were then set up for each clone (plus an empty vector control) by 

diluting 200 JK! pre-culture into 2 ml fresh LB + ampicillin. These cultures 

were grown for a further hour at 37°C. IPTG (Melford Laboratories Ltd.) was 

then added to one of each pair to a final concentration of 100 |UM, the cultures 

were then grown for 3-5 hours at 37°C. Cells were then pelleted at 4000 rpm at
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4°C. Pellets were resuspended in 300 n\ ice-cold PBS + 1% TritonXlOO and 

snap frozen on dry ice/ethanol to aid lysis. Samples were then sonicated at 18 

amplitude microns (MSB Soniprep 150) 3 times for 10 sec on ice, or until the 

sample was no longer viscous. The cell debris were then pelleted and 20 n\ 

pre-swollen glutathione agarose beads added to the supernatants. 

Glutathione agarose beads were pre-swollen by washing three times in PBS at 

room temperature with rotation over 30 min. Samples were incubated for 10 

min at 4°C with rotation then washed 3 times with ice-cold PBS. All the 

supernatant was removed and 20 jul 2X sample buffer added. Samples were 

heated at 65°C for 5 min, centrifuged and 10 ptl was loaded on an SDS-PAGE 

gel.

Large scale purification of GST fusion proteins

Adapted from Smith and Johnston, 1988.

A 500 ml pre-culture was grown overnight in LB + ampicillin at 37°C. This 

culture was diluted to 5 L and grown for a further hour before the addition of 

IPTG to a final concentration of 100 ^M. The culture was then grown for a 

further 3-5 hours at 37°C. Following incubation, the flask was chilled on ice, 

and the cells pelleted for 2 min at 4000 rpm at 4°C. The pellet was 

resuspended in 10 ml ice-cold PBS + 1% TritonXlOO and centrifuged. The 

supernatant was then removed and the pellet snap-frozen on dry ice/ethanol. 

The pellet was kept at -80°C. The pellet was defrosted slowly on ice to around 

4°C and resuspended in PBS-1% TritonXlOO. The suspension was then 

sonicated 4 times for 30 sec at 18 amplitude microns (MSB Soniprep 150) on 

ice. Potassium chloride was added to 0.25 M, and dithiothreitol (DTT) to 15 

mM. The culture was centrifuged for 10 min at 4°C at maximum speed. The 

supernatant was removed to a fresh 50 ml Falcon tube and 1.5 ml pre-swollen 

glutathione agarose beads (50:50 in cold PBS, Sigma) was added and the 

mixture incubated at 4°C for 30 min with rotation. The beads were then 

washed 6 times with ice cold PBS and then transferred to a 2 ml eppendorf 

tube. All the final wash was removed from the beads using a duck-billed tip, 

and then 0.5 ml freshly prepared glutathione was added to elute the fusion 

protein from the beads. The beads were incubated at 4°C for 5 min with 

rotation then pelleted and the supernatant transferred to a fresh tube on ice. 

This procedure was repeated twice more to give a final eluate of 1.5 ml. This
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was then dialysed against 1-2 L ice-cold PBS for 1 hour at 4°C with slow 

stirring. The dialysis buffer was then changed and dialysis continued 

overnight at 4°C. Following dialysis, glycerol was added to 20% and the 

protein preparation kept as 0.5 ml aliquots at -80°C. The protein concentration 

was estimated by running an aliquot of the extract with BSA standards of 

known concentration on an SDS-PAGE gel and staining with Coomassie Blue.

2.7. Immunoprecipitations

Protein co-immunoprecipitations

Allshire lab protocol, adapted from Millband and Hardwick, 2002. 

Cells were grown to log phase (5 x 108 cells total per immunoprecipitation). 

Cells were pelleted, washed once with dH2O and transferred to a 2 ml screw 

cap tube. Cells were then pelleted and the pellet frozen in liquid nitrogen. 

Pellets could be stored at this stage at -70°C. The pellets were thawed on ice 

and resuspended in 500 fil ice-cold lysis buffer containing protease inhibitors 

(1/100 dilution of Sigma P8215) and 1 mM PMSF. 500 \L\ glass beads were 

then added and the cells were lysed in a bead-beater (Biospec) for 2 min at 

maximum speed. All steps were carried out at 4°C/on ice. The samples were 

spun briefly to remove beads and cell debris, and the supernatant transferred 

to fresh tube. Dithiothreitol was added to 0.5 mM and the lysate cleared by 

centrifuging three times for 5 min at maximum speed at 4°C. Samples were 

pre-cleared by incubating with 25 jul Protein A or Protein G agarose (50:50 in 

Lysis buffer, Roche) with rotation for 10 min- 1 hour at 4°C. Samples were 

centrifuged and 20 fil of the supernatant was retained at -20°C as whole cell 

extract. Antibody was then added along with 25 ^1 Protein A or G as 

appropriate. Samples were incubated overnight with rotation at 4°C. The 

beads were then washed three times with Lysis buffer (at 4°C) and then 

washed twice with PBS. 20-60 jul SDS sample buffer was added and the 

samples were heated at 65°C for 2-5 min before loading 10 jul on a protein gel.
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Chromatin Immunoprecipitation (ChIP)

Method adapted from Ekwall and Partridge, 1999.

For each ChIP cells were grown to 5x 106 cells/ml in YES. If appropriate, 

cultures were shifted to 18°C for approximately 2 hours to help good 

chromatin association before fixation. Cells were fixed by adding I/10th 

volume formaldehyde (30%, in YES liquid, plus 0.3 M NaOH to dissolve) to 

the culture and incubating at room temperature for 30 min. Fixation was 

stopped by the addition of 1/20* volume of 2.5 M glycine. Fixed cells were 

pelleted by centrifugation in a Sorvall Legend RT benchtop centrifuge at 4°C 

for 2 min at 4000 rpm. Cells were washed twice with 20 ml ice-cold PBS, 

resuspended at 108 /ml in PEMS containing 0.4 mg/ml zymolyase and 

incubated at 36°C for 20-30 min. Cells were then washed twice in 10 ml PEMS, 

resuspended in 1 ml PEMS and pelleted (and stored at -20°C until required). 

Cells were resuspended in 400 \\\ ice-cold Lysis Buffer containing protease 

inhibitor cocktail (Sigma P8215) and 2 mM PMSF. Cells were sonicated on ice 

to shear the chromatin to -600 bp (MSB Soniprep 150). Samples were 

centrifuged for 5 min at 4°C at ISOOOrpm. The supernatant was then 

centrifuged again for 15 min at 4°C. The lysate was transferred to a fresh tube 

and pre-cleared using 25 n\ Protein A or Protein G Sepharose (pre-washed in 

Lysis Buffer) as appropriate by incubating at 4°C with rocking for 1-2 hours. 

Beads were pelleted by centrifugation for 5 min at 13000 rpm at 4°C. 40 \JL\ of 

the lysate was kept (at -20°C) as a "crude" control. Antibody was added to the 

remainder of the sample, along with 25 ^1 Protein A or Protein G beads. 

Samples were incubated for 3 hours- overnight with rocking at 4°C. Following 

incubation, the beads were washed with 1 ml. Lysis Buffer, then Lysis Buffer 

containing 0.5 M NaCl, then with Wash Buffer, and finally with TE (pH8). 

After the final wash, all the supernatant was removed and 250 |Ul TES added. 

210 jul TES was added to the stored crude lysate and all the samples incubated 

at 65°C for 6 hours-overnight to reverse the cross-links. Samples were 

centrifuged and the supernatant retained. 450 \A TE (pH 8.0) and 30 ^1 

proteinase K (10 mg/ml stock, Roche) were added to the samples and the 

samples incubated for 2 hours at 37°C. After incubation, the samples were 

phenol:chloroforn extracted, followed by a further chloroform extraction. 

DNA was precipitated by adding 2-3 volumes of 100% ethanol, 1 / 10th volume 

3 M sodium acetate and 1.5 \i\ 10 mg/ml glycogen, vortexing, and incubating
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the samples on dry ice for 30 min. This was followed by centrifugation for 30 

min at 4°C. ChIP samples were resuspended in 30 ^1 TE, and the crude 

extracts in 300 //I TE. 2 jttl were used in the PCR reaction.

For growth at the restrictive temperature, cells were shifted to 36°C for 6 

hours. After addition of formaldehyde, incubation was continued at 36°C for 5 

min, followed by 3 min in an ice water bath and finally, 22 min at 18°C. After 

fixation samples were treated as described above.

ChIP PCR analysis

For PCR analysis, 2 ^1 sample was used in a 20 ^1 PCR reaction. The multiplex 

reaction was optimised to give an approximately 1:1:1 ratio for the cnt, otr, 

and fbp DNA bands in the crude control. The reaction contained 10 pmole 

each cnt primer (WA 031 and WA032, see Appendix A), 30 pmole each otr 

primer (WA033 and WA 034), and 5 pmole each fbp primer, (WA 026 and 

WA027). The fbp PCR served as an internal control for a non-enriched 

euchromatic locus.

PCR products were analysed by electrophoresis on a 2% gel. DNA bands 

were quantified using Kodak ID software. For the input ("crude") PCR, the 

cnt, imr and otr values were normalised to the fbp value, giving the 'input 

ratio'. Similarly, enrichment of cnt, imr and otr bands in the ChlPs was 

calculated relative to the fbp band, and then corrected for the ratio obtained in 

the input PCR.

2.8. DNA techniques

Adpated from Sambrook et al., 1989.

DNA digestion

Restriction enzymes were obtained from Roche and NEB. Digestions were 

carried out in the buffers provided, according to the manufacturer's 

instructions.
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Ligation

DNA fragments were dialysed against dH20 on Millipore dialysis discs for 30
min prior to ligation. Ligation reactions were incubated for at least four hours
at 20°C before transformation into competent bacteria.

1 fil T4 DNA ligase (Gibco-BRL) 
1 fil ligase buffer (Gibco-BRL)

Insert DNA was added at approximately 3-fold molar excess over vector
DNA to a final volume of 10 jjl.

Agarose gels

1% agarose gels made by dissolving 1 g agarose (Biogene) per 100ml in IX 

TBE, cooled to 60°C before adding 3 fil/100 ml ethidium bromide solution 

(Sigma) and pouring. Gels were run with IX TBE running buffer.

Polymerase Chain Reaction (PCR)

Method from Saiki et al., 1988, using an MJ Research PTC225 Peltier Thermal 

Cycler.

20 ng

Reaction mix:
2 fil 10X PCR buffer (Roche)
2.5 mM MgCl2 (Roche)
0.25 ^M dNTPs (ABGene)

oligonucleotide - forward 

oligonucleotide - reverse 
DNA (plasmid)

or 20-100ng DNA (genomic)
0.5 units Taq polymerase (Roche)

dH2O to 20 nl

When necessary optimal PCR conditions were obtained by titration of the 

MgCl2 concentration in the reaction. Template for PCR was obtained from 

plasmids, genomic DNA or SPZ treated cells
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Colony PCR

Method adapted from Ling et al., 1995.

A small quantity of cells was picked from colonies to be tested using a 

toothpick and the cells resuspended in 10 pil SPZ buffer. The cells were 

incubated at 37°C for 10 minutes to spheroplast cells, then 1 \il of the mixture 

was used as template for a PCR reaction.

Southern Blotting

Allshire lab protocol, adapted from Sambrook et al., 1989.

Preparation of a filter for Southern Blotting

DNA fragments were separated to the required distance on a 0.9% agarose gel 

made in Ix TBE containing ethidium bromide. The gel was exposed on a UV 

light source and a photograph taken with a ruler alongside. The gel was 

covered with depurinating solution (25 ml concentrated HC1 in 500 ml) and 

incubated at room temperature with rotation for 15 min and then washed 

twice for 15 min with denaturing solution. The gel was then placed upside 

down onto a stack of 3MM chromatography paper (Whatman) pre-soaked in 

denaturing solution to act as a wick. Genescreen membrane (NEN™ Life 

Science Products) was cut to the size of the gel and pre-soaked in dH2O before 

being carefully place on top of the gel. Three pieces of 3MM chromatography 

paper pre-soaked in denaturing solution were cut to the same size and place 

on top, these were then covered with a stack of paper towels approximately 5 

cm deep. The sides of the stack and dish were wrapped in cling film to 

prevent evaporation. A light weight was placed on top to apply a small 

amount of pressure and the stack left overnight at room temperature for the 

DNA to transfer to the membrane.

The next morning the stack was disassembled and the membrane rinsed in 

phosphate buffer before being blotted dry in two sheets of 3MM paper. The 

membrane was exposed to 150 mj UV light in a Strata linker and baked for 

one hour at 80°C to fix the DNA to the membrane.
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Radioactive labelling of DNA probes with [o>32P]CTP

Method adapted from Church and Gilbert, 1984.

The membrane was pre-wetted in phosphate buffer and incubated with 10-20 

ml Church and Gilbert buffer in a hybaid tube in a rotating oven set at 65°C 

for at least 2 hours prior to the addition of probe. 20-50 ng of double stranded 

DNA was made up to a volume 13 ^,1 with dH20 in a. microfuge tube and 

denatured by incubating at 96°C for 5 min. The tube was then placed on ice 

for two minutes before adding 30 jxCi [a-32P]CTP and 4 ^1 of a High Prime 

(Roche) random priming kit. The mixture was incubated at 37°C for 10 min to 

prime the random synthesis of copies of the DNA incorporating [a-32P]CTP 

into the synthesised strand. The labelled probe was sealed in the tube and 

boiled in a water bath for 10 min to denature dsDNA then added immediately 

to the Hybaid tubes containing the filters in a 65°C rotating incubator. The 

filters and probe were incubated overnight and washed the next day 3 times 

for 30 min at 65°C with 40 mM phosphate buffer. The blot was rinsed in the 

wash solution and monitored with a Geiger counter before being patted dry 

in 3MM chromatography paper, wrapped in clingfilm and exposed on 

phosphoimager cassette overnight. The phosphoimager cassette was 

developed in a Storm phosphoimaging machine and analysed using 

Imagequant Software.
For the ura4+ probe the template was prepared by amplifying the gene 

sequence by PCR using primers WA 018 and WA 019.

DNA sequencing

Allshire lab method adapted from Sanger et al, 1977.

The sequencing reaction was performed using a Big Dye Sequencing Kit

(Perkin Elmer).
4 ^1 Big Dye sequencing mix (ABGene)

50 ng PCR product DNA or

250 ng plasmid DNA
0.3 pmol sequencing primer

dH20 added to a final volume of 13 jil.

The amplification program consisted of an initial denaturing step at 96°C for 5 

min followed by 25 cycles of; 96°C for 30 seconds, 55°C for 15 seconds and
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60°C for 4 min. The products were given to University of Edinburgh Technical 
Services to clean and run on an ABgene sequencing machine.

DNA sequence analysis

DNA sequence analysis was carried out with guidance from Robin Allshire, 
Alison Pidoux, Dinesh Scares and Paul McLaughlin, using the Sanger Centre 
fission yeast Blast server (http:/ /www.sanger.ac.uk/cgi- 
bin/blast/submitblast/s pom.be/), the ClustalW multiple sequence 
alignment program (http:/ /searchlauncher.bcm.tmc.edu/multi-align/multi- 
align.html), and the Boxshade program for output 
(http://www.ch.embnet.org/software/BOX form.html).
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Chapter 3: Characterisation of the siml mutants

Introduction

The fission yeast centromere consists of two distinct regions, a central 

domain consisting of the central core (cnt) and the innermost repeats (imr), and 

the outer flanking repeat regions (otr). These two regions associate with distinct 

sets of proteins. The kinetoehore is thought to assemble primarily over the 

central domain. Marker genes inserted into the outer repeats are subject to strong 

transcriptional silencing, but the central domain is more weakly repressed. It is 

possible that the assembly of the kinetoehore complex over the central domain 

physically prevents the access of transcription factors. As marker genes inserted 

at the central core are weakly expressed, there is high level of background if this 

locus is used in mutagenesis screens. A screen was devised in which this 

problem was overcome by using a promoter-crippled arg3+ gene, truncated 

immediately upstream of its TAT A box (Fig 1.8. Pidoux et al., 2003). This was 

inserted into the central core of chromosome I (the cntl element). Mutations in 

central core-associated proteins would be predicted to alleviate silencing of the 

cntl:arg3 + marker. The Mis6 protein is a known central core factor (Saitoh et al., 

1997), and a temperature-sensitive mis6 allele introduced into this background 

(mis6-302 cntl:arg3 + ) does show faster growth on medium lacking arginine than 

the isogenic silencing screen strain. This strain could thus be used to identify 

putative kinetoehore factors as mutations in such factors would be predicted to 

result in faster growth on medium lacking arginine compared with a background 

of slow-growing wild type colonies.

The strain also carried the ura4+ gene marker at the outer repeat region of 

centromere II (Allshire et al., 1995), and a promoter-crippled his3 + gene at telll 

(Nimmo et al., 1998) to enable the silencing status of these loci to be monitored. 

The strain was mutagenised with UV and fast growing colonies were selected on 

medium lacking arginine. Mutations were back-crossed and placed in
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complementation groups (work carried out by Pidoux, unpublished 

observations and Pidoux et al., 2003). Seven complementation groups were 

identified and were named siml-7 for silencing in the middle of the centromere. 

siml"', was found to encode the S. pombe homologue of CENP-A, Cnpl, and sim4+ 

was found to encode a novel kinetoehore component which localises to the 

central core by chromatin immunoprecipitation and which co- 

immunoprecipitates with the central core component Mis6, confirming that the 

screen was successfully identifying components required for kinetoehore 

function (Pidoux et al., 2003). Eleven of the mutants were placed in the same 

complementation group, siml. None of the siml mutants displayed alleviation of 

outer repeat silencing. A plasmid was isolated that complemented the 

microtubule-poison sensitivity of the siml mutants (work carried out by 

Richardson and Pidoux). The siml mutant phenotype and genetic interactions 

had been partially characterised before work on this thesis began (Pidoux and 

Richardson, unpublished observations, and Pidoux et al., 2003). Central core 

structure had been investigated by micrococcal nuclease digestion and found to 

be disrupted in the siml mutant background. Micrococcal nuclease digested 

central chromatin from wild type cells produces a smear pattern unlike the 

ladder pattern seen for the rest of the genome, possibly reflecting the fact that 

chromatin in this region is packaged differently from bulk chromatin (Fig. 1.6). 

Mutations in the central core factors Mis6 and Misl2 result in this smear pattern 

being lost and a ladder pattern is seen instead (Goshima et al., 1999; Saitoh et al., 

1997). The smear pattern was also lost in the siml mutant background 

(Richardson and Pidoux, unpublished). Chromosome mis-segregration and 

reduced CENP-A/Cnpl localisation at the permissive temperature had also been 

observed by immunofluorescence microscopy (Pidoux, unpublished). siml + was 

cloned by complementation of the thiabendazole sensitivity (cloning carried out 

by Pidoux, sequenced carried out by Pidoux and Richardson in collaboration 

with the Sanger Centre). This chapter describes the further characterisation of the 

siml mutant phenotype and analysis of the siml + ORF.
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Figure 3.1. Temperature sensitivity of the siml alleles. Serial dilutions of all 
the alleles plus wild-type, mis6-302 (ts), and rik1 deletion (ri/c7A) strains were 
spotted on the YES plus phloxine-B and incubated at a range of temperatures. All 
mutations result in lethality at temperatures of 34°C and above. The rikl deletion 
strain is slightly cold-sensitive.
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Fig. 3.2.i. Mutations in sim1+ alleviate silencing at the central 
core. A serial dilution assay was performed to compare the growth of 
the siml mutant alleles with an isogenic wild type strain. The siml 
mutants grow faster than the wild type strain on medium lacking 
arginine, indicating that there is alleviation of silencing of the arg3+ 
marker gene inserted at the central core. A strain carrying a mutation 
in the central core component mis6 (2871, listed in appendix C) also 
shows faster growth on medium lacking arginine, consistent with 
previous reports.
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Results

3.1. The siml mutants are growth impaired
To investigate the effect of the siml mutations on viability, serial dilutions 

of cells were plated on to YES-phloxine B plates (see Chapter 2). Dead and dying 
cells are stained dark pink by this pigment, thus strains that are growth impaired 
at a particular temperature grow as dark pink colonies (Fig 3.1). Growth of the 
siml mutants was compared with growth of an isogenic wild type strain 
(3027/3033), and with a temperature-sensitive carrying a mutation in the central 
core factor Mis6 (the mis6-302 strain, 2871, Saitoh et al., 1997), and a cold sensitive 
strain bearing a deletion of the outer repeat factor Rikl (riklA, 1305, Allshire et 

al., 1995; Ekwall et al., 1996). All the alleles show growth defects, with some 
showing poor growth even at 25°C (siml-139 and siml-224). For most alleles, the 

restrictive temperature is 32° C, and all the mutations result in lethality at 34° C 
and above, siml-75, siml-131 and siml-211 are also highly temperature sensitive. 

The varying degrees of temperature sensitivity of the siml alleles is likely to 
reflect different levels of penetrance of these mutations: some mutations may 
have a more severe effect on protein structure and stability.

3.2. Mutations in siml+ specifically alleviate central core silencing
The effect of mutations in simT on silencing was also confirmed. The 

mutants had been identified as fast growing on medium lacking arginine, 
indicating that silencing at the central core has been lost (Pidoux et al., 2003). 
Alleviation of silencing at the central core was investigated further to look for 
subtle differences between the different siml alleles as they had not been 
compared side-by-side previously. Growth of all the siml mutants was compared 
with growth of an isogenic wild-type strain (3027/3033: cntl::arg3+ otr2::ura4+ 

telll::his3+ Pidoux et al., see Fig. 1.8 for positions of marker genes) on medium 
lacking arginine. Growth was assessed by carrying out a serial dilution assay on 
medium lacking arginine. All alleles grow faster on medium lacking arginine
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Fig. 3.2.ii. Silencing phenotypes of sim1-15 and sim1-106. A serial dilution 
assay was carried out on selective media, see text for more information. The 
siml mutants do not form colonies on medium lacking histidine, showing that 
telomeric silencing is still intact. The sim1-15 and sim1-106 strains (4435 and 
4483) grow on medium lacking arginine, confirming that central domain silencing 
has been lost, as does a strain with a mutation in mis6, a known central core 
component (2871). The siml mutants also fail to grow on medium lacking uracil 
showing that outer repeat silencing is unaffected. Conversely, the siml mutants 
do grow on medium containing 5-FOA, which is toxic to cells synthesising uracil. 
Rik1 is required for outer repeat silencing and the rikl deletion strain tested 
(1305) grows on medium lacking uracil but not on 5-FOA, showing that, as 
expected, outer repeat chromatin is transcriptionally active in this strain.
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than the isogenic wild type strain indicating that transcriptional repression at the 
central core has been alleviated (Fig 3.2.i).

A further serial dilution assay was carried out to determine the effects of 
the mutations in silencing at other loci. Two of the eleven alleles, siml-15 and 
siml-106 were selected as being representative and used in further experiments. 
siml-15 is one of the mildest siml alleles with regard to temperature sensitivity 
whilst siml-106 is more severely growth impaired but can still be grown easily 
enough to experiment on (Fig. 3.1). Growth on medium lacking histidine to 
assess telomeric silencing, and on medium lacking uracil, to assess outer repeat 
silencing, was compared with growth on PMG-complete. The growth of the 
strains was also assessed on PMG-complete plus 5-Fluoro-orotic acid. This 
chemical is toxic to yeast cells which are synthesising uracil so mutants which 
have lost outer repeat silencing should not be able to grow on these plates. 
Growth of the siml mutants was compared to that of the isogenic wild type 
strain, mis6 temperature-sensitive mutant and a rikl deletion strain. The mis6 

mutation results in alleviation of silencing at the central core (Partridge et alv 
2000; Pidoux et al., 2003). The rikl deletion alleviates silencing at the outer 
repeats and telomeric regions and so allows growth on medium lacking uracil 
and histidine but not on medium containing 5-FOA (Allshire et al., 1995). 
Mutations in the siml gene do not result in alleviation of silencing at the 
telomere, as the mutants are unable to grow on medium lacking histidine (Fig 
3.2.ii). The mutants are also unable to grow on medium lacking uracil, but show 
normal growth on medium containing 5-FOA, indicating that outer repeat 
silencing is intact. Silencing at the mating type locus was assessed by iodine 
staining (data not shown). Iodine stains the starch dark purple allowing spores to 
be easily identified. No sporulation was detected in the siml mutants, showing 
that they were unable to undergo haploid meiosis and that silencing at the 
mating type region is intact.

Chapter 3; Characterisation of the shul mutants 74



Wild type
sim1-15
sim1-17
sim1-75
sim1-106
sim1-131
sim 1-139
swi6A
Wild-type 
sim1-170 
sim 1-174 
sim1-209 
sim 1-211 
sim1-224 
Wild type 
clr4A

©

*ae
;>:t

Fig. 3.3. The siml mutants display 
different degrees of sensitivity to 
thiabendazole. A serial dilution assay 
was performed on non-selective 
medium and medium containing 
15 [ig/ml thiabendazole at 25°C. A 
clr4 deletion strain (c/r4A) is highly 
sensitive to TBZ, consistent with 
previous reports (Ekwall et at., 1996). 
sim1-106, sim1-139, sim1-211, and 
sim1-224 are particularly sensitive to 
TBZ.
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Fig. 3.4.1. Chromosome segregation in wild type cells. Wild 
type cells were immunostained with anti-tubulin antibody (green) 
to stain the mitotic spindle and DAPI (red) to visualise DMA. The 
images above show cells in pro-metaphase (a) when the DMA is 
condensed, early anaphase (b) where the chromosomes start to 
segregate to either pole, and late anaphase (c) where the 
chromosomes have segregated.
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Figure 3.4.H. Chromosome segregation defects in the sim1-15 mutant. Cells 
were harvested from sim1-15 and a wild type control strain grown at 25°C and 36°C, 
fixed and stained with the TAT1 anti-tubulin antibody (green) in conjunction with 
DAPI staining of DNA (red, see chapter 21. Mitotic cells were c nalysed for 
chromosome segrege tion defects. The mutant was found to show chromosome 
segregation defects at all stages of mitosis, and exhibits multiple forms of mis- 
segregation:

a: V-shaped spindle

b: Failure to segregate chromosomes

c: Unequal segregation of chromosomes

d+e: Hyper-condensed chromosomes and failure to segregate chromosomes

f. Unequal segregation of chromosomes

g: Lagging chromosomes

h: Unequal segregation of chromosomes

i: Lagging chromosomes

j+k: Failure to segregate chromosomes to opposite spindle poles

Strain

Wild type 
25°C

Wild type 
36°C

sim1-15 
25°C

sim1-15 
36°C

Hyper- 
condensed 
DNA

0.0%
(0/108)

1.5%
(3/195)

1.6%
(2/124)

13.8%
(27/196)

Lagging 
chromosomes

0.0%
(0/108)

0.5%
(1/195)

3.2%
(4/124)

8.2%
(16/196)

Unequal 
segregation 
of DNA

0.0%
(0/108)

0.0%
(0/195)

3.2%
(4/124)

10.7%
(21/196)

Table 3.4. Chromosome mis-segregation frequencies in sim1-15 mitotic cells.
Percentages of mitotic cells with hyper-condensed DNA, lagging chromosomes and 
unequal segregation of DNA were determined for sim1-15 (4435) and the isogenic 
wild-type strain (3027). The sim1-15 mutant shows significantly higher rates of 
chromosome defects than the wild type control, particularly at the restrictive 
temperature.
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3.3. The siml mutants are sensitive to thiabendazole

Many strains which carry mutations in centromere-associated proteins are 

sensitive to the microtubule-disrupting agent thiabendazole (TBZ). It is possible 

that in such strains the centromere-kinetochore complex is less robust than in 

wild type strains and so these strains are more sensitive to the additional 

problems caused by the depolymerising effect of the TBZ. Interestingly, the siml 

mutants display different degrees of sensitivity to TBZ. siml-139, siml-211 and 

siml-224 are very sensitive to the MT poison, while siml-15 and siml-170 are not 

particularly sensitive (Fig. 3.3). Furthermore, the degree of TBZ sensitivity 

correlates with the level of growth impairment of the allele. For example, siml-15 

is only very mildly sensitive to TBZ and is also one of the least growth impaired 

siml alleles, whereas siml-106 shows intermediate sensitivity to the poison and 

also intermediate growth defects (Fig. 3.1).

3.4. Mutations in siml+ cause severe chromosome segregation defects

The effect of mutations in siml on chromosome segregation was assessed 

by immunofluorescence using an antibody against tubulin to stain microtubules, 

allowing spindle morphology throughout mitosis to be assessed, in conjunction 

with DAPI staining of DNA to monitor chromosomes (see Chapter 2). Log phase 

cells grown at 25°C and 36°C were harvested and mitotic cells counted for siml- 

15 and an isogenic wild type strain. Wild type cells at different stages of mitosis 

are shown in Fig. 3.4.i. The cell in Fig. 3.4.i.a is in prometaphase and has a short 

spindle. The cells shown in Fig. 3.4.i.b and Fig. 3.4.i.c are in early and late 

anaphase respectively. Two equal sized DNA masses can be seen segregating to 

the poles in these cells. The siml-15 mutant displays multiple forms of 

chromosome missegregation, including unequal segregation of DNA, lagging 

chromosomes and V-shaped spindles (Fig. 3.4.ii and Table 3.4). Lagging 

chromosomes suggest that there may be a defect in kinetochore-MT binding such 

as merotelic attachment of a chromatid where the kinetoehore binds 

microtubules emanating from both spindle poles. Unequal segregation of DNA 

suggests that there may be a defect in bi-orientation of sister chromatids. The
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Siml 1 MCNRQPKAVDLPPNYSCPHLLSFQSVEFNTNPTACDDVFCKRIESEKKYNDFLESLFKKY
Scm3 1 ————————MDQMIYKQKVGYSISTPPLQINRRMKTNKKISKRRSLKNLHGALKGLLKES

Siml 61 GRDTSDIADEVDLATGEIIVNNGHLEALKTKDDIWDPTFNNLEISASNGYEKKLDSSIGN
Scm3 52 GKK-S—————ESKIRKHSDCN—PVHRVYPPNIEK————————R———KTKKDDGISR

Siml 121 PGEKAVSPVHIEDFQSPQIYKFKNLSLRDEMVSDCVFADEVPLASLFVENVCNETIPSQS
Scm3 90 PIAERNGHVYIMSKENHIIPKLT———DDEVMERHKLADEN—————————————

S iml 181 CVRLKINDKTRKVDASALEKKSCLLPNSSGTLTDQRGLDTIKHKSIEQNEILHVISDTLS
Scm3 127 ————————MRKVWSNIISKYESIEEQGD—LVDLKTG————EIVEDNGHIKTLTANNS

Siml 241 SPRRRNPLLSSPKTPLRRSFSKSKVRNSNSTKRRNFISLISMISPRPNLSTHHFNLGFQP
Scm3 171 TKDKRTKYTSVLRDIIDISDEEDGDKNDEYTLWANDSEASDSEVDADNDTEEEKDEKLID

Siml 301 LSQQTSFSGSSTQNPHSSSTCKKAFCFQCISESKKC
Scm3 231 ADFKKYEAKLSKRILRD————————————

Fig. 3.5. Siml shows weak homology to S. cerevisiae Scm3. An alignment was carried out 
between the Siml and Scm3 protein sequences using the ClustalW multiple sequence alignment 
program, (http://searchlauncher.bciii.uiii.cuu/inulti-aliqn/multi-aiiuii.iium) and Boxshade for 
output (http://www.ch.embnet.orq/software/BOX form.html). Identical residues are shown in red, 
similar residues are shown in blue. Siml shows 18% identity and 27% homology (percentageof 
identical and similar residues) to Scm3 over the region between residues 36 and 337 of Siml 
(i.e., across the entire Scm3 sequence, excluding gaps). Siml shows 14% identity and 22% 
homology across the same region including gaps.
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presence of V-shaped spindles indicates that may be a defect in the organisation 
of the bipolar mitotic spindle in the siml mutant.

3.5. siml* shows weak homology to a nucleosomal assembly factor

The simT ORF was cloned prior to this thesis by complementation of the 

TBZ sensitivity with the pDB genomic library (Beach et al., 1982) (cloning carried 

out by Pidoux, sequencing carried out by Richardson and Pidoux in 

collaboration with the Sanger Centre). The plasmid insert was found to match 

approximately 5-6kb of sequence from the chromosome 1 BAG pBlAlO. The 

SPAPB1A10.02 ORF was predicted to encode a protein of 336 amino acids, with a 

molecular weight of 37.7 kD (Wood, http:/ /srs.ebi.ac.uk/srs6bin/cgi- 

bin/wgetz?-e+nUNIPROT SP REMTREMBU-prd:CAC21475). The siml + ORF 

was analysed as described in Chapter 2 to attempt to provide insight into the 

possible functions of the gene product. The gene product was predicted to be a 

member of the alpha enolase family (Wood, personal communication to Pidoux). 

However, members of the enolase family normally show high levels of 

homology (Pancholi, 2001), and the homology of the simT ORF is relatively low. 

The region of Siml which bears homology to enolases is between residues 49 and 

215. This region shows only approximately 26% identity to other enolases (in 

collaboration with Scares).

Siml also shows weak homology to Scm3, an S. cerevisiae protein which is 

involved in chromosome segregation (http;/ / db.yeastgenome.org / cgi- 

bin/SGD/Iocus.pl?locus=scm3, Fig. 3.5, in collaboration with Scares and 

Allshire). Scm3, in turn, shows 30% identity to Napl (Fitzgerald-Hayes et al., 

http: / /db.yeastgenome.org/cgi-bin/SGD/Iocus.pl?locus=scm3), a nucleosomal 

assembly factor also involved in the nuclear transport of histones H2A and H2B 

(Ishimi et al., 1984; Ishimi et al., 1983; Mosammaparast et al., 2002). A Neurospora 

crassa sequence with weak homology to simT was also found to have homology 

to scm3 + (in collaboration with Soares, Allshire). Searches with the scm3+ 

sequence identified an Arabidopsis thaliana sequence, coding for a protein of 

unknown function (Accession number: gi I 21902058 I dbj I BAC05606.1.) (Soares
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Figure 3.6.L Positions of the primers used to amplify the siml ORF for 
sequencing and the oligonucleotides used to prime the sequencing reaction.
The primer pairs E1759/H1787 (red) and I1968/E1760 (red) were used to amplify the 
sim1 + ORF and upstream region from genomic DNA. The PCR products were the 
sequenced using primers 11968, E1759, E1760, H1785, H1786, H1787, B1395, B1396 
and G1290. Sequences of oligonucleotides are given in appendix A.

1 MCNRQPKAVDLPPNYSCPHLLSFQSVEFNTNPTACDDVFCKRIESEKKYNDFLES

* —> F in sim1-75, sim1-106, sim1-211
56 LFKKYGRDTSDIADEVDLATGEIIVNNGHLEALKTKDDIWDPTFNNLEISASNGY 

111 EKKLDSSIGNPGEKAVSPVHIEDFQSPQIYKFKNLSLRDEMVSDCVFADEVPLAS 

166 LFVENVCNETIPSQSCVRLKINDKTRKVDASALEKKSCLLPNSSGTLTDQRGLDT 

221 IKHKSIEQNEILHVISDTLSSPRRRNPLLSSPKTPLRRSFSKSKVRNSNSTKRRN

^ —>• L in sim1-170, sim1-174, sim1-209
276 FISLI-MISPRPNLSTHHFNLGFQPLSQQTSFSGSSTQNPHSSSTCKKAFCFQCI 

331 SESKKC

Fig. 3.6.ii. Sequencing the siml mutant alleles. Sequence data was obtained for 
sim1-15, sim1-75, sim1-106, sim1-131, sim1-170, sim1-174, sim 1-209 and sim1-211. 
This revealed that a leucine residue had been mutated to a phenylalanine in sim1-75, 
sim1-106 and sim1-211, which is likely to cause a significant change in the protein. A 
serine residue was found to be mutated to a leucine in sim1-170, sim1-174 and siml- 
209, which is not likely to result in a substantial change in the protein. No mutations 
were detected in the s/mf-15 and s/>n7-131 ORFs, suggesting that the mutations 
responsible for these mutants are in the control regions of the s/m? + gene, possibly 
resulting in incorrect regulation. Repeated attempts to sequence the region upstream 
of the sim1 + ORF failed to give reliable sequence data.
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and Allshire, personal communication). BLAST searching with this sequence 
found homology with members of the RCC1 family of regulators of chromosome 
condensation in A. thaliana, Oryza sativa and Triticum monococcum. The fission 
yeast genome has a hypothetical protein which shows homology to this family, 
Piml. This shows weak homology with Siml, however, when a multiple 
alignment was carried out with Siml and members of the RCC1 family, there 
was no significant homology (alignments carried out by Scares). The N terminus 
of Siml also shows weak homology with S. cerevisiae MaklO protein, which is an 
N-terminal acetyl transferase (in collaboration with McLaughlin).

3.6. Sequencing the siml mutant alleles

The eleven mutant alleles of siml identified in the silencing screen were 
sequenced to identify the mutations. PCR was carried out on genomic DNA from 
the mutants and also on the isogenic wild type strain using primers to amplify 
the simT ORF and the region upstream (see Chapter 2). The PCR was carried out 
in triplicate, the products were then pooled and sequenced. The position of the 
oligonucleotides used for the PCRs and for priming the sequencing reaction 
relative to the siml + ORF are shown in Fig 3.6.i. Sequencing reactions were 
carried out by the University of Edinburgh Technical Services. Sequence data 
was obtained for eight of the eleven alleles, Fig 3.6.ii details the mutations found 
and describes those that are likely to be significant changes, i.e., not just 
sequencing errors or non-coding substitutions. Six of the siml mutants were 
found to fall into two mutation groups, both of which result from a conversion of 
a cytosine to thymidine. In siml-75, siml-106 and siml-211 the mutation results in 
a phenylalanine residue replacing a leucine residue at position 75 in the Siml 
protein (Fig. 3.6.ii, see also Fig. 3.5). This replacement of a small, hydrophobic 
residue with a hydrophobic amino acid with a much larger side chain may cause 
a significant change in the folding of the polypeptide. In the second group of 
mutants, siml-170, siml-174 and siml-209, the mutation results in the 
replacement of the serine residue at position 289 in the Siml protein with a 
leucine residue. As serine is a hydrophilic amino acid and leucine is 
hydrophobic, this may also affect the protein structure. Interestingly, members of
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ABC WTAB CWTABCWT

600 bp 
500 bp 
400 bp

F3113/F2027 F3113/E1760 E1759/F3114 

E1759 F3113

F3114 E1760 F2027 
E1759

E1760 F2027

sim1A::ura4+ sim1 + 

expected PCR product: 

F3113/F2027- 500 bp none 

F3113/E1760- 450 bp none 

E1759/F3114- 550 bp none

Fig. 3.7.i. PCR test of sim1A::ura4* deletion. Ethidium bromide stained 
agarose gel showing PCR products from three ura4+ transformants and a 
wild type control using primers to detect the simlAivra4 +disruption. One of 
each primer pair is homologous to ura4+ sequences and the other to 
sequences either up- or downstream of the sim1+ ORF so that a product is 
obtained in correctly targeted transformants. Transformant A is correctly 
targeted, whilst in transformants B and C, the ura4 + construct has integrated 
into another site in the genome.



Novel kinetochore factors in fission yeast

the second group all behave similarly with respect to viability and sensitivity to 
TB2. All three show intermediate growth defects and mild sensitivity to TBZ 
(Fig. 3.1 and Fig. 3.3). Similarly, siml-75, siml-106 and siml-211 are all more 
strongly sensitive to the microtubule poison and are less viable than siml-170, 

siml-174 and siml-209, although siml-211 is more sensitive to TBZ than the other 
two members of the group and siml-106 is less growth impaired. No mutations 
were detected in the ORF for siml-15 or siml-131 that would change the 
polypeptide sequence. As siml-15 and siml-131 were placed in the siml 

complementation group by repeated crosses to the other siml mutants (Pidoux et 
al., 2003) this suggests that the mutations responsible for these mutants are in the 
coding regions for simT or in the regulatory regions. Unfortunately, repeated 
attempts to sequence the upstream region failed to give reliable data, but further 
attempts will be made by others to identify the mutations responsible for siml- 

15, siml-131 and the remaining three siml mutants for which no reliable sequence 
data was obtained.

3.7. siml+ is essential
The siml mutants are strongly temperature sensitive, so I investigated 

whether the simT gene product is essential by deleting the simT ORF in a 
diploid strain. The simT ORF was replaced with the ura4+ marker gene by 
homologous recombination in a diploid strain. A DNA fragment with the ura4+ 

gene flanked by approximately 60 bp of sequence from the regions immediately 
3' and 5' of the simT ORF was generated by PCR (see Appendix C for primer 
information). The primers were designed to precisely replace the entire simT 

ORF with the ura4+ gene. The resulting PCR product was transformed into 
diploid strains. Transformants were selected by growth on medium lacking 
uracil. The replacement of the simT ORF by the ura4+ marker was confirmed in 
ura+ ade+ colonies by PCR (Fig. 3.7.i).

To assess whether deletion of the simT is lethal, random spore analysis 
and tetrad dissection was carried out. Initially, I was unable to find a
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siml +/simlA::ura4+ diploid that was capable of sporulation, so the knock out 

diploid was crossed back to a wild type diploid (1645/1648 ura4~) to generate a 

simV/simlA::ura4+ diploid that was capable of producing spores. The wild type 

and simT heterozygous diploid strains both carry two different mutated alleles 

of the ade6+ gene. The ade6-210 allele gives the colonies a red colour on limiting 

adenine plates, whereas the ade6-216 confers a pink colour. In the diploid, 

intragenic complementation takes place between the two alleles, resulting in 

colonies that are white on limiting adenine. Haploid colonies could thus be 

distinguished from the parental diploids. Red and pink haploid cells generated 

from the cross between the wild type diploid and the simr/simlA::ura4+ were 

unable to grow on medium lacking uracil, demonstrating that cells where the 

simT gene has been deleted are not viable.

Random spore analysis was confirmed by tetrad dissection. By this time, a 

siml +/simlA::ura4+ diploid had been found that was capable of sporulation. This 

was induced to undergo meiosis by growth on ME medium which lacks 

nitrogen. A micromanipulator was used to separate and position the spores so 

that the 4 progeny from each individual ascus could be followed. All 24 tetrads 

dissected produced only 2 viable spores, all of which were ura4' (Fig. 3.7.ii and 

Fig. 3.7.iii). This confirms that simlA cells are inviable.

3.8. Localisation of centromere-kinetochore factors in siml cells

The data presented so far suggest that Siml may be a central domain 

specific centromere-kinetochore factor. To attempt to elucidate the function of 

the Siml protein, the localisation of a number of known centromere-kinetochore 

components was investigated in siml mutants. Proteins were tested from 

different putative sub-complexes within the kinetoehore complex (see Chapter 1) 

to try to determine where Siml is likely to act. Attention was initially directed at 

the localisation of the CENP-A homologue, Cnpl. CENP-A/Cnpl is an essential 

component of centromeric chromatin, but it is not understood how it is targeted 

specifically to the centromere. If CENP-A/Cnpl deposition at the central domain

Chapter 3; Characterisation of the si ml mutants 79



wild type 
25°C

wild type 
36°C

sim1-15 
25°C

sim1-15 
36°C

sim1-106 
25°C

sim1-106 
36°C

Fig. 3.8.i. CENP-A/Cnp1 localisation is highly reduced in sim1-15and sim1-106 
by immunofluorescence. Log phase cells were immunostained with anti-CENP- 
A/Cnp1 antibody (red) and antibody against tubulin, TAT1 (green), to visualise mitotic 
spindles (see Appendix D), in conjunction with DAPI staining of DMA (blue). A single 
CENP-A/Cnp1 spot is seen in the wild type strain at the restrictive temperature (top 
panel). CENP-A/Cnp1 spots are not seen in either sim1-15 or sim1-106 cells grown at 
the restrictive temperature. A CENP-A/Cnp1 spot is rarely seen in the siml mutant 
cells grown at the permissive temperature, indicating that CENP-A/Cnp1 localisation is 
disrupted in the siml mutant background.
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of the centromere is specified by the presence of an intact kinetochore, mutations 

in core kinetochore components which destabilise the kinetochore could disrupt 

CENP-A/Cnpl localisation. Alternatively, it is possible that there is a CENP- 

A/Cnpl-specific loading factor and the weak homology between simP and a 

nucleosomal assembly factor raises the exciting possibility that Siml loads 

CENP-A/Cnpl at the centromere.

3.8.i. CENP-A/Cnp1 localisation is highly reduced in slml mutants by 
immunofluorescence

The localisation of CENP-A/Cnpl in siml mutants was investigated, 

initially by immunofluorescence. Log phase cells were harvested from wild type, 

siml-15 and siml-106 strains grown at the permissive and restrictive 

temperatures (25°C and 36°C respectively). Cells were fixed and stained with 

anti-CENP-A/Cnpl antibody and anti-tubulin antibody to visualise spindles. 

CENP-A/Cnpl staining is seen as a single spot in the wild type strain at both the 

permissive and the restrictive temperatures. However, in both siml alleles 

investigated, there is no detectable centromeric CENP-A/Cnpl localisation at the 

restrictive temperature and CENP-A/Cnpl localisation is even reduced at the 

permissive temperature (Fig 3.8.i). This suggests that CENP-A/Cnpl association 

with the centromere is defective in siml mutants.

3.8.N. Localisation of CENP-A/Cnp1 in the siml mutant background by 

chromatin immunoprecipitation

Delocalisation of CENP-A/Cnpl in the siml mutants was investigated 

further by chromatin immunoprecipitation (ChIP, see Chapter 2). ChIP 

experiments were carried out on wild type, siml-15, and siml-106 cells grown at 

the permissive and restrictive temperatures. Chromatin was immunoprecipitated 

with an anti-CENP-A/Cnpl antibody (Kniola et al., 2001). The 

immunoprecipitated DNA was analysed using primers designed to amplify 

sequences from the outer repeats (otr) and central core (cnt) of cenl and a 

euchromatic control locus (fbp) in a multiplex PCR reaction. By ChIP, CENP-
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a Wild type sim 1-15 sim1-106

IP T IP T IP T dH20

otr 
cnt 
fbp

cnt

25°C

6.61 2.98 1.59

ofr 
cnt 
fbp

cnt

36°C

4.43 2.58 1.31

25 36
temperature

Fig. 3.8.ii. Localisation of CENP-A/Cnp1 in the siml mutants by ChlP. a. 
Multiplex PCR analysis of ChlPs. Chromatin was immunoprecipitated from log 
phase cells grown at the permissive (upper panel) and restrictive temperatures 
(lower panel) with the a-CENP-A/Cnp1 antibody (Kniola et al., 2001). Multiplex 
PCR was carried out on input (lanes labeled T" above) and immunoprecipitated 
DNA (lanes labeled "IP"). A blank control with no DMA added is also shown 
(dH20). b. Quantification of ChlP data. Ratios of PCR bands were calculated by 
first subtracting the background for each signal. Values for the input cnt and otr 
signals were then normalised to the fbp value for both the input and 
immunoprecipitated signals. Values for the immunoprecipitated cnt signals were 
then corrected for the equivalent value obtained for input DNA. Values for otr 
enrichment not shown as these values are less than 1. Central core sequences 
are enriched in the immunoprecipitated sample from the wild type strain. 
Enrichment is reduced in the sim1-106 strain, and to a lesser extent in the siml- 
15 strain.
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sim1-15 
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sim1-106 
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Fig.3.8.iii. Over-expressed CENP-A/Cnp1 localises to the 
centromere in sim1-15 and sim1-106. sim1-15 and siml- 
106 strains carrying cenp-a/cnp1 + under the control of the nmt 
promoter (3965 and 3969 respectively) were grown to log 
phase in medium lacking thiamine. A single spot is seen in 
the mutant cells indicating that CENP-A/Cnp1 can still be 
loaded correctly in both siml mutants when over-expressed.
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A/Cnpl shows reduced localisation in siml-25, at both the permissive and the 

restrictive temperatures, relative to wild type cells. CENP-A/Cnpl association 

with the central domain is more strongly reduced in the siml-106 mutant (Fig. 

3.8.ii). This result was reproducible and interestingly, siml-106 was found to be 

more temperature-sensitive than the siml-15 allele (Fig. 3.1). This raised the 

possibility that there is CENP-A/Cnpl at the centromere in the siml-15 mutant 

background, but at levels below those detectable by immunofluorescence. CENP- 

A/Cnpl loading may thus still be intact in the siml-15 mutant background. This 

question was addressed by investigating whether over-expressed CENP-A/Cnpl 

could be loaded into centromeric chromatin and detected by 

immunofluorescence at the centromere in the siml mutant backgrounds.

S.S.iii. Over-expressed CENP-A/Cnp1 localises to the centromere in the 

sim1-15 and siml-106 mutants

In immunofluorescence experiments, no CENP-A/Cnpl was detected at 

the centromere at the restrictive temperature, but association was seen in ChIP 

experiments, albeit at reduced levels relative to wild type. Therefore, the 

localisation of CENP-A/Cnpl in siml mutants was further investigated by 

observing the localisation of over-expressed CENP-A/Cnpl in the two siml 

alleles. Over-expression of CENP-A/Cnpl has been reported to suppress the 

siml-106 mutation (Pidoux et al, 2003). Over-expressing CENP-A/Cnpl may 

shift the equilibrium towards getting CENP-A/Cnpl to the centromere or may 

make it more easily detected, siml-15 and siml-106 cells carrying a pREP plasmid 

bearing the CENP-A/CnpV ORF tagged at the N terminus with GFP (3965/66 

siml-15 cnpl-GFP, 3969/70 siml-106 cnpl-GFP, strains constructed by Mellone) 

were grown at the permissive and restrictive temperatures, fixed and stained 

with an anti-GFP antibody. In this experiment, CENP-A/Cnpl spots were seen 

for both strains at the permissive and restrictive temperatures, thus indicating 

that CENP-A/Cnpl can still be loaded at the central core in both alleles when it 

is present in excess. This suggests that the absence of a detectable CENP-A/Cnpl 

spot in siml strains expressing wild type levels of CENP-A/Cnpl in 

immunofluorescence experiments reflects the lower sensitivity of
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wild type

sim1-106

Fig. 3.8.iv.a. Sim4-GFP shows wild type localisation in 
the siml mutant by immunofluorescence. Log phase 
wild type (upper panel) and sim1-106 (lower panel) cells 
were immunostained with anti-GFP antibody to visualise 
Sim4-GFP. Cells shown were grown at 36°C. A single 
nuclear spot is seen in the sim1-106 mutant at the 
restrictive temperature.
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immunofluorescence relative to ChlP. There may also be different antibody 
accessibility in immunofluorescence versus ChlP experiments. CENP-A/Cnpl is 
possibly still bound to the chromatin in siml-15, so can be detected by ChlP, but 

presumably is present at lower levels that cannot be detected by 
immunofluorescence microscopy.

3.8.iv. The kinetoehore protein Sim4 displays wild type localisation in the 
sim1-106 mutant

The localisation of the known kinetoehore protein Sim4 was also 
investigated, in the siml-106 mutant as this is one of the more temperature- 

sensitive siml mutants but it can be grown sufficiently at 36° C to perform 

experiments. A strain had previously been constructed with Sim4 tagged at the 

genomic locus with GFP in the siml-106 mutant background (5588/9: siml-106 

Sim4GFP-G418r, strain constructed by Pidoux). Wild type and siml-106 cells with 
GFP-tagged Sim4 were grown at the permissive and restrictive temperatures, 
harvested and stained with anti-GFP antibody and DAPI to visualise DNA. 

Localisation of Sim4-GFP in the siml-106 cells was compared with the signal seen 

in an otherwise wild type strain (5251: Sim4GFP-G418r, strain constructed by 

Richardson and Pidoux). Localisation of Sim4-GFP was as wild type in the siml- 

106 mutant background at both the permissive and restrictive temperature (Fig 

3.8.iv.a, permissive temperature not shown).

Localisation of Sim4-GFP in the siml-106 mutant background was 

confirmed by ChlP. Wild type and siml-106 strains bearing sim4* tagged at the 

genomic locus with GFP were grown at the permissive and restrictive 

temperatures. Log phase cells were harvested and the chromatin 

immunoprecipitated with an anti-GFP antibody (see Chapter 2). 

Immunoprecipitated DNA was analysed in a multiplex PCR reaction with 

primers designed to amplify sequences from the central core (cnt) and outer 

repeat (otr) regions of cenl, and also a euchromatic control locus (fbp). As Sim4 
has previously been reported to associate specifically with central core in ChlP 

experiments (Pidoux et al., 2003), ratios for relative enrichment of central core
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Fig. 3.8-iv.b. Sim4-GFP shows wild type localisation in the sim1-106 mutant by 
ChlP. Log phase cells were harvested from wild type and sim1-106 grown at the 
permissive and restrictive temperatures. Chromatin was immunoprecipitated using 
anti-GFP antibody (Molecular Probes,"+" lanes,"-" lanes show controls where no 
antibody was added). Ratios calculated as described in chapter 2. There is clearly 
enrichment of central core sequences in the sim1-106 mutant at both temperatures. 
Graph shows the quantification of ChlP data. The relative enrichment of central core 
sequences was calculated as Sim4 has been previously reported to associate 
specifically with the central core (Pidoux et al., 2003). Ratios of PCR bands were 
calculated by first subtracting the background for each signal. Values for the input cnt 
signals were then normalised to the fbp value for both the input and 
immunoprecipitated signals. Values for the immunoprecipitated cnt signals were then 
corrected for the equivalent value obtained for input DMA. The wild type 
immunoprecipitated sample for the 25°C does not show the expected enrichment due 
to technical problems, although the 36 °C sample shows strong enrichment, as 
expected. There is strong enrichment of the central core sequences in the sim1-106 
mutant at both temperatures.
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sequences only are shown. The untagged control strain shows no enrichment as 

expected (Fig. S.S.iv.b). The wild type tagged strain shows little enrichment at the 

permissive temperature due technical problems, but shows string enrichment at 

the restrictive temperature. The siml-106 tagged strain immunoprecipitated 

samples show strong enrichment of central core sequences at both the permissive 

and the restrictive temperatures, confirming that Sim4-GFP localisation is normal 

in the siml-106 mutant.

Discussion

In a screen for mutations that alleviate silencing at the central core of the 

fission yeast centromere, eleven mutants were found to be allelic and were 

assigned to the same complementation group, siml (Pidoux et al., 2003). The 

silencing phenotypes of the siml mutants were confirmed in this study. 

Mutations in siml alleviate silencing uniquely at the central core; silencing at the 

outer repeat regions of the centromere, at the telomeres, and at the mating type 

loci remains intact. The different siml alleles show varying degrees of 

temperature sensitivity, but all are lethal at temperatures of 34°C and above. 

Similarly, some of the alleles are more sensitive to the microtubule destabilising 

drug thiabendazole than others. The temperature sensitivity and TBZ sensitivity 

phenotypes were found to correlate, suggesting that the mutations affect the 

stability of the Siml protein to differing degrees and thus have variable 

penetrance. In this study, the simT gene was found to be essential by deletion of 

the gene in a diploid strain. Attempts were made to sequence the ORF and the 

upstream region. Sequence data obtained for six of the siml mutants suggested 

that they fell into two classes. The members of one class of mutation all showed 

mild sensitivity to thiabendazole and mild growth defects, whereas members of 

the second group showed more severe phenotypes. The sequence data for two 

other mutants, siml-15 and siml-131, revealed no mutations within the ORF, 

however, reliable sequence data was not obtained for the upstream region, and 

as these mutants were placed in the siml complementation group by repeated 

crosses to other siml mutants, it is possible that the mutations responsible are in
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the regulatory regions of the siml gene. This could be investigated by observing 

whether levels of Siml protein are different from wild type and the other siml 

mutants in siml-15 by Western blot analysis. All mutants, and also the wild type 

strains sequenced, showed a number of discrepancies from the sequence 

published on the Sanger Centre website that were due to PCR slippage. This 

reflects the limitations of the Amplitaq Polymerase™ used (Roche, see Chapter 

2), although sequence data obtained was from DNA pooled from multiple 

samples. In future, a proofreading TAQ polymerase™ could be used for PCR 

amplification of DNA for sequencing.

Sequence analysis of the siml + ORF revealed weak similarity to members 

of the alpha enolase family. This is unlikely to be significant as members of the 

enolase family normally show high levels of homology, with 40% to 90% identity 

between enolases from different species (Pancholi, 2001). There is however weak 

homology between Siml and Scm3, an S. cerevisiae protein thought to be required 

for accurate chromosome segregation. Scm3 in turn shows 30% identity to Napl, 

an S. cerevisiae nucleosomal assembly factor (Fitzgerald-Hayes et al., 

http: / /db.yeastgenome.org/cgi-bin/SGD/Iocus.pl?locus=scm3). This raises the 

intriguing possibility that a function of the Siml protein may be to load CENP- 

A/Cnpl at the central core. Consistent with this, over-expression of CENP- 

A/Cnpl suppresses the siml-106 mutant phenotype (Pidoux et al., 2003). 

Alternatively, the Siml protein may be a core structural component of the 

kinetochore, and the mutations may result in the kinetochore being destabilised, 

causing the cells to be sensitive to the microtubule poison thiabendazole. CENP- 

A/Cnpl loading may then be compromised indirectly if loading is directed by 

the presence of a functional kinetochore (Mellone and Allshire, 2003).

The temperature sensitivity and thiabendazole phenotypes were used to 

choose two siml mutants for further analysis. Both siml-15 and siml-106 grow 

sufficiently to culture at both the permissive and the restrictive temperatures, but 

siml-106 shows a strong growth defect and sensitivity to thiabendazole whereas
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the other mutant, siml-15, has milder phenotypes. Disruption of kinetochore 

structure / function would cause chromosome segregation defects. Consequently, 

chromosome segregation was observed in siml-15 and compared with a wild 

type strain. The mutant exhibits several types of defects in the segregation of 

endogenous chromosomes, including lagging chromosomes, unequal 

segregation of DNA and V-shaped spindles. These defects had previously been 

observed in the siml-106 mutant, but had not been quantified (Pidoux et al, 

2003). Chromosome mis-segregation was quantified in the siml-15 mutant and 

showed a high proportion of cells with over-condensed DNA at pro-metaphase, 

indicative of mitotic delay. Unequal segregation of DNA was seen in over 10% of 

siml-15 cells at the restrictive temperature, but not at all in wild type cells, one 

possibility is that mutations in siml result in defects in biorientation of sister 

chromatids. The presence of V-shaped spindles in some of the siml-15 mutant 

cells suggests that there may be a defect in the organisation of a bipolar spindles 

in the siml-15 mutant. It is possible that the spindles in these cells may collapse 

because there are no chromosome connections to stabilise the spindle. A 

significant proportion of siml-15 cells exhibited lagging chromosomes, which 

could conceivably result from merotelic attachment of chromatids, where a 

kinetochore binds microtubules emanating from both poles. Alternatively, these 

may represent chromosomes that have completely detached from the spindle 

and remain in the mid-zone between both spindle poles. Live analysis could be 

used to follow the fate of a lagging chromosome and the conformation of the 

kinetochore could be examined to determine whether it is "stretched", which 

would suggest merotelic attachment rather than complete dissociation from the 

spindle.

Mutations in siml had previously been shown to disrupt the central 

domain specific chromatin structure as detected by limited micrococcal nuclease 

digestion of chromatin (Pidoux, unpublished). This specialised chromatin is 

presumably indicative of an altered chromatin structure resulting from the 

incorporation of CENP-A/Cnpl nucleosomes. If this is the case then centromeric 

localisation of CENP-A/Cnpl would be predicted to be disrupted in the siml
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mutant background if the Siml protein is either directly or indirectly responsible 

for CENP-A/Cnpl loading, or required to direct CENP-A/Cnpl specifically to 

the central domain of the centromere. Investigation of CENP-A/Cnpl 

localisation in two of the siml mutants, siml-15 and siml-106, by immunostaining 

demonstrated that localisation is severely reduced in both mutants at the 

restrictive temperature and is also reduced at the permissive temperature. 

CENP-A/Cnpl association with central core sequences was detected in both 

alleles by ChIP, but at reduced levels relative to wild type. Interestingly, the 

centromeric association of CENP-A/Cnpl was less disrupted in the siml-15 

mutant by ChIP than in the siml-106 mutant background. This result was 

reproducible and also supported by the observation that the siml-15 mutant has 

a milder phenotype with regard to temperature sensitivity and TBZ sensitivity 

than siml-106. This indicates that CENP-A/Cnpl can still be loaded correctly 

into central domain chromatin in the siml mutant background, but loading is 

compromised so that CENP-A/Cnpl cannot be detected by immunostaining but 

can be detected by ChIP. The opposite is seen in a strain with a mutation which 

results in the alleviation of outer repeat silencing, csp7. In the csp7 mutant, the 

heterochromatin factor Swi6 can be detected by immunostaining but not by ChIP 

(Ekwall et al., 1999; Portoso and Schramke, personal communication). It is 

possible that ChIP is more sensitive for detection of proteins more closely linked 

to the underlying DNA, so that low levels of CENP-A/Cnpl can be detected, 

whereas Swi6, which is associated with the chromatin via binding of the 

methylated lysine 9 of histone H3, is not. Conversely, it may be more difficult to 

detect low levels of proteins buried within the centromere by immunostaining. 

The localisation of the kinetoehore component Sim4 was also investigated in the 

siml background and was found to display wild type localisation in both the 

siml-15 and siml-106 mutants in both ChIP and immunofluorescence 

experiments, producing a single centromeric dot in interphase cells. Thus, Siml 

is not required for the recruitment of Sim4.

Taken together, these data indicate that Siml associates specifically with 

fission yeast centromeres and is required for the efficient recruitment of CENP-
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A/Cnpl into the specialised chromatin that normally coats the central domain. 
Crippled genes placed within this region are transcriptionally silent, presumably 
due to the assembly of the large kinetochore complex over this region. Mutations 
in siml interfere with the assembly of this structure, allowing increased 
transcription, and also lead to defective kinetochore function, both due to 
reduced incorporation of CENP-A/Cnpl. If Siml is a loading factor for CENP- 
A/Cnpl it would be expected to associate with the centromere (outer repeats or 
central domain) itself, this is investigated in the next chapter.
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Chapter 4: Characterisation of Sim1 protein 

Introduction

The siml mutants were identified in a screen to discover novel kinetoehore 
components and regulators. The silencing phenotype, sensitivity to a 
microtubule poison, and the high levels of chromosome mis-segregation seen in 
the siml mutants suggest that Siml is required for kinetoehore function. Multiple 
forms of segregation defects were observed in the siml-15 mutant, suggesting 
that Siml plays an important role in building centromere-kinetochore structure 
or that it plays multiple roles in kinetoehore function. siml + shows weak 
homology to a budding yeast gene, SCM3+, mutations in which cause 
chromosome mis-segregation, and which shows identity to a nucleosomal 
assembly factor, Napl. Furthermore, localisation of the centromere specific 
histone, CENP-A/Cnpl is disrupted in the siml mutant background. Together, 
these data suggest that the Siml protein may be involved in loading CENP- 
A/Cnpl at the centromere or in regulating this process. This chapter describes 
tagging the siml + ORF and raising an antibody to the protein. These tools 
allowed the cellular localisation of the Siml protein to be determined by 
immunostaining. Association of the protein with specific domains of the 
centromere was also investigated by chromatin immunoprecipitation. A tagged 
version of Siml protein was also used in co-immunoprecipitation experiments to 
identify potential interacting proteins, to indicate possible functions of Siml.

Chapter 4: Characterisation of Siml protein.
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Figure 4.1.i. Tagging sim1+ in the genome with GFP. The 3' 495 bases were 
amplified using primers WA022 and WA023 and the resulting PCR fragment 
cloned into plasmid pDM084. The resulting vector was linearised by digestion with 
Bg/ll and transformed into wild type strains lacking the his3+ ger\e. Recombinant 
transformants were selected by plating on medium lacking histidine and the site of 
integration investigated by PCR.
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Fig. 4.1.ii. PCR check of the Sim1-GFP transformants. A PCR was carried out with 
primers WA022 and WA048 (see Fig 4.1 .a for positions of primers). As one of the 
primers is homologous with the GFP sequence and the other with sim1 + sequence, 
product is only seen in correctly targeted strains. The expected fragment size is 
approximately 700 bp. In the example shown above, transformants 17-20 are correctly 
targeted.
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Fig. 4.1.iii. The GFP-tagged Sim1 protein can be detected on a Western blot with 
antibodies against GFP. Extracts from cells expressing Sim1, Sim4 and Mal2 tagged 
with GFP, and an untagged control, were analysed by SDS-PAGE and Western blotted. 
The blot was probed with antibodies against GFP (Molecular Probes). The Sim 1-GFP 
tagged protein runs slightly higher than expected if compared with the protein 
standards. The predicted size of Sim1 is 37.6 kD, and GFP is approxiamtely 27 kD, so 
the tagged protein is expected to be 64.4 kD, but runs at approximately 75 kD. The 
expected sizes for Mal2-GFP and Sim4-GFP are 61 kD and 58 kD respectively. There 
may be multiple bands for Sim1-GFP, suggesting that Sim1 might be phosphorylated.
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Results

4.1. A functional Siml-GFP tagged protein

A strain was constructed in which the simT ORF was tagged with GFP by 
homologous recombination so that the fusion protein was expressed by the 
native promoter. This was achieved by cloning the C terminal 500 bp of the simT 

ORF into a modified Bluescript vector, pDM084, that contains GFP (Hardwick 
lab collection, pDM084 vector constructed by David Millband, see Appendix B 
for cloning information). The construct integrates into the endogenous locus by 
homologous recombination, resulting in the fusion of the siml + ORF and the 
coding region for GFP and in the duplication of approximately 500 bp of the C 
terminus of simT (Fig 4.1.i). Transformants were tested by PCR (Fig 4.1.ii, see 
Chapter 2 for PCR method used). The tagged protein could also be detected on a 
Western blot using antibodies against GFP (Fig. 4.1.iii, see Chapter 2 for Western 
blotting information). The tagged Siml protein seems to migrate slower than 
predicted from the sequence when compared with the protein standards. There 
may be multiple bands in the Siml-GFP lanes on the Western blot. This suggests 
that Siml may be subject to post-translational modifications, for example, 
phosphorylation, perhaps during certain phases of the cell cycle. This could be 
investigated by treating the Siml-GFP protein extracts with a phosphatase, such 
as calf alkaline phosphatase, to see if the extra bands disappear. Alternatively, 
the Siml-GFP protein 3D structure may not have been fully denatured for all the 
protein, this most commonly results in a lower ratio of SDS/proteins than 
expected, which in turn causes mobility to decrease as the protein has less 
negative charge. This could be investigated by using a range of different 
conditions to denature the protein (see Chapter 2 for conditions used).
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Figure 4.2. GFP-tagged Sim1 is functional. The Sim1-GFP strains were tested to 
determine whether the presence of the GFP tag altered Sim1 function and caused 
the strains to be growth impaired. Serial dilutions were plated on YES+ phloxine and 
incubated at 36 °C and compared with the sim1-15 and sim1-106 strains and a wild 
type strain. The assay shows that the presence of the tag has not resulted in the 
strains being temperature sensitive. Growth on medium lacking arginine at 25°C was 
used to assess silencing at the central core. Growth of sim1 +-GFP cnt1:arg3+ was 
compared with a wild type strain carrying cnt1::arg3+ and with the sim1-106 
cnt1::arg3+ . The assay shows that tagging the gene with GFP has not resulted in a 
change in the silencing phenotype; the arg3+ gene at the central core remains 
silenced. The tagged protein therefore seems to behave as the wild type protein.

DMA Sim1-GFP Mis6-HA

Fig. 4.3. Sim1-GFP localises to centromeres. Sim1-GFP was crossed into a strain 
with the known centromere-kinetochore component Mis6 tagged with the HA epitope. 
Fixed cells were stained with anti-GFP (Molecular Probes) and anti-HA antibody in 
conjunction with DAPI staining of DMA. The Sim1-GFP spot colocalises with the Mis6- 
HA signal showing that Sim1 is a centromere-kinetochore protein.
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4.2. The GFPgenomic tag does not disrupt Siml function
As the siml mutant alleles are temperature sensitive and alleviate 

silencing at the central core of the centromere, functionality of the GFP-tagged 
strains could be assessed by looking for changes in viability and silencing. 
cntl:arg3 + was crossed into the GFP-tagged strains to allow comparison with a 
wild type cntl:arg3+ strain. To investigate temperature sensitivity a serial dilution 
assay was carried out on rich medium containing Phloxine B at 25°C and 36°C. 
The GFP-tagged strains grow equivalently to wild type on medium containing 
Phloxine B at 36°C whilst siml mutants fail to grow at 36°C (Fig 4.2). Comparison 
of growth on medium lacking arginine revealed that the presence of the tag does 
not alleviate silencing in these strains (Fig 4.2). Therefore the GFP-tagged protein 
generated behaves as the wild type protein under the conditions tested.

4.3. Siml-GFP localises to the centromeres
simT was initially identified in a screen for novel kinetoehore 

components. To investigate whether Siml localises to the centromere- 
kinetochore, log phase cells from the Siml-GFP-tagged strain were observed by 
fluorescence microscopy. A single spot in the nucleus was visible, but the signal 
was very weak. Subsequently, cells were fixed and immunostained with an anti- 
GFP antibody and an antibody against the HA epitope to visualise the 
kinetochore-specific protein Mis6HA (see Chapter 2 for details of antibodies). 
The GFP and HA signals co-localise showing that Siml does localise to the 
centromere-kinetochore (Fig. 4.3). All further immunostaining of these strains 
was carried out using an anti-GFP antibody to amplify the signal.

The siml + ORF was also cloned into the pREP41 and pREP42 eGFP 
expression plasmids. The Siml-GFP fusion protein is expressed from a medium 
strength nmt, for no message in thiamine, promoter (Craven et al., 1998, 
Maundrell et al., 1990). The protein is then more highly expressed than the 
endogenous protein, unless the cells are grown in the presence of thiamine. This
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Fig. 4.4.L Coomassie-stained gel 
showing the expression of the Sim1- 
GST fusion protein in bacterial cells.
DH5a cells carrying a construct with 
Sim 1-GST or an empty control vector 
were grown to log phase and then 
induced at 36°C with 100 nM IPTG (+l). 
The cells were harvested and the protein 
extracted and analysed by SDS-PAGE. 
The gel was stained with Coomassie- 
blue. A band is seen at approximately 50 
kD in the Sim 1-GST plus IPTG lane.
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Fig. 4.4.U. Anti-Sim1 antibodies detect Sim1 and Sim1-GFP on a Western 
blot. Protein extracts were prepared from a wild type, untagged, strain, a strain 
with the sim1 + ORF tagged with GFP, and a strain conatining a pREP plasmid 
with sim1 +-GFP under the control of a medium strength nmt promoter. The 
extracts were analysed by SDS-PAGE and Western blotted. Affinity purified 
serum from the third bleed was used at 1 in 50 in PBS-Tween (see chapter 2 for 
affinity purification details). A band is seen in the wild type strain at around 50 kD 
which is not seen in the strain where sim1 + \s tagged at the genomic locus with 
GFP. In the Sim 1-GFP tagged strains a band is seen at around 85 kD. The signal 
is much more intense in the extract from a strain bearing Sim 1-GFP expressed at 
a high level from the nmt promoter confirming that the affinity purified serum 
contains antibodies which detect Sim1 protein



Fig 4.4.iii. Detection of endogenous Sim1 protein with a 
polyclonal antibody. Affinity-purified anti-Siml antibody was 
used to immunostain fixed cells in conjunction with the anti- 
CENP-A/Cnp1 antibody (Kniola et al., 2001). The CENP-A/ 
Cnp1 and Sim1 signals co-localise, confirming that Sim1 is a 
centromere-kinetochore protein.
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provided another tool for investigating the function of Siml. Centromeric 

localisation was also seen for this over-expressed Siml-eGFP (data not shown).

4.4. Raising an antibody to Siml

A polyclonal antibody was raised to Siml to allow detection of wild type 

endogenous Siml protein. To raise an antibody to Siml, the entire ORF was 

fused to GST in the pGEX 4T1 vector (Pharmacia Biotech) (Smith and Johnson, 

1988). The fusion protein was expressed in bacteria, harvested and injected into a 

rabbit (protein expression is shown in Fig 4.4.i). The Siml-GST fusion protein 

migrates faster than expected, at around 50 kD, rather than the predicted 64.6 

kD. This suggests that the band seen corresponds to a degradation product; 

"clipping" of proteins is relatively common in fusion proteins expressed in 

bacteria (Harlow and Lane, 1988).

Successive bleeds were tested by Western blotting of protein extracts from 

a wild type strain, a strain with Siml tagged with GFP under control of the 

endogenous promoter and a strain where Siml-GFP protein was expressed to a 

high level from a pREP42 vector. Affinity purified Siml antibody detected a 

band at approximately 50 kD in the lane containing wild type protein extract. 

This band disappears in the Siml-GFP tagged strain and is replaced by a larger 

protein that migrates at around 85 kD. The signal is much more intense in the 

extract from a strain bearing Siml-GFP expressed at a high level from the nmt 

promoter confirming that the affinity purified serum contains antibodies which 

detect Siml protein (Fig 4.4.ii). The Siml antibody was also tested by 

immunofluorescence in cells from a wild type strain. Immunostaining with the 

affinity purified third and fourth bleeds detected a single focus in the nucleus 

which co-localised with CENP-A/Cnpl protein, revealed using the aCENP- 

A/Cnpl antibody (Fig 4.4.iii, Kniola et al., 2001). This is consistent with a 

localisation at the centromere.
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Fig. 4.6. i. Sim1-GFP associates with the central domain of the centromere.
ChIP was carried out on cells from strains in which Sim1 is tagged at the genomic 
locus with GFP, and a strain with the central domain component Mal2 tagged at 
the genomic locus with GFP and an untagged strain as controls. DMA was 
immunoprecipitated using an antibody against GFP (Molecular Probes). The total 
input DNA (T), immunoprecipitated material (+) and control material which had 
been processed but where no antibody was added (-), were analysed by multiplex 
PCR. Primers were used which were designed to amplify sequences from the 
outer repeats of centromere 1 (otr, upper band), the central core (cnt, middle 
band) and a control, euchromatic locus (fbp, lower band), as before, ii. 
Quantification of ChIP data. The central core sequences are enriched in the 
Sim 1-GFP tagged IP, showing that Sim1 associates with the central domain of 
the centromere but not with the outer repeats. Graph shows data for upper panel 
only as the bands in the lower panel are outwith the linear range of the image 
analysis software.
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4.5. Creating a GST tagged version ofSimlfor expression in fission yeast

A GST-tagged version of Siml that could be expressed in fission yeast 

cells was also generated for affinity purification of Siml-GST on glutathione 

agarose and for use in pull-down assays. This was made by cloning simT into a 

modified PDS473a vector (Allshire lab collection, pDESTZ vector constructed by 

Schramke, original vector from Forsburg). Siml-GST is then expressed by the 

nmt promoter. The nmt promoter (for no message in thiamine) is repressed by 

thiamine so that the fusion protein is expressed to a high level in the absence of 

thiamine, but expression is much reduced when thiamine is added to the growth 

medium (data not shown, Maundrell, 1990). This vector was used for 

preliminary investigations of SimlGST interactions (see Chapter 7).

4.6. Siml-GFP associates with the central core of the centromere

Chromatin immunoprecipitation analysis was used to determine whether 

Siml associates with a specific region of the centromere. Mutations in siml + 

alleviate silencing at the central core, but not at the outer repeat regions of the 

centromere, thus it was predicted that the protein would associate specifically 

with central core centromere sequences. ChIP was carried on a wild type 

untagged strain, the Siml-GFP tagged strain, and a Mal2-GFP tagged strain as a 

positive control (Jin et al., 2002). Cells were harvested, fixed and then the 

chromatin immunoprecipitated using an anti-GFP antibody. 

Immunoprecipitated DNA was analysed by multiplex PCR using primers 

designed to amplify sequences from the central core and outer repeats of cenl 

and a euchromatic control locus. The results demonstrate that Siml associates 

specifically with the central region of the centromere and not with the outer 

repeat regions (Fig. 4.6.i, quantification shown in Fig. 4.6.ii). Attempts were also 

made to immunoprecipitate chromatin with the anti-Siml antibody, but these 

were not successful. Some antibodies that detect protein on Western blots or in 

immunofluorescence do not work in ChIP experiments for technical reasons.
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Fig. 4.7. Sim1-GFP co-immunoprecipitates with CENP-A/Cnp1-Myc.
i. Immunoprecipitation was carried out on an untagged strain, a strain with sim1 + 
tagged at the genomic locus with GFP, a strain with the cnp1 + genomic locus tagged 
with 3 copies of the Myc epitope, and a strain with both tags. Log phase cells were 
harvested, lysed under gentle conditions and immunoprecipitated with mouse 
antibodies against GFP (Molecular Probes) and Myc (Research Diagnostics, Inc) in 
parallel. The IPs were analysed by Western blot using rabbit anti-GFP antibodies. A 
band at approximately 76 kD is seen in the anti-GFP IP from the Sim 1-GFP tagged 
strains (lanes 3 and 6), and not from the CENP-A/Cnp1-Myc (lane 5) and untagged 
control (lane 1) strains, and is also absent from the no antibody controls (-). The 
band is seen in the anti-Myc IP from the Sim1-GFP/CENP-A/Cnp1-Myc strain (lane 
7), showing that Sim1-GFP and CENP-A/Cnp1-Myc co-immunoprecipitate. 
ii. The same IP samples were analysed by Western blot using anti-Myc antibodies. 
This confirmed that Sim1-GFP and CENP-A/Cnp1-Myc co-immunoprecipitate. A 
band is seen at approximately 31 kD in the anti-Myc IPs from the CENP-A/Cnp1- 
Myc tagged strains (lanes 12 and 15), and also in the anti-GFP IP from the Sim1- 
GFP/CENP-A/Cnp1-Myc strain (lane 14). No band is seen in the Sim 1-GFP tagged 
strain (lane 11), untagged control (lane 9), or in the no antibody controls (-).
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4.7. Siml-GFP co-immunoprecipitates with CENP-A/Cnpl-Myc
The GFP-tagged version of Siml was crossed into a strain with CENP- 

A/Cnpl tagged at the N-terminus with 3 copies of the Myc epitope (5927: 
SMycNterCnpl, B. Mellone, 5943: simr-GFP:his3 +3MycNterCnpl, this thesis). Log 
phase cells from an untagged strain, a strain with siml + tagged at the genomic 
locus with GFP, a strain with CENP-A/Cnpl tagged with Myc at the N-terminus 
(5927), and a strain with both tags (5943). Two sets of immunoprecipitations were 
carried out on each strain; one set of extracts were immunoprecipitated with 
antibodies against GFP and the other set with anti-Myc antibody. 
Immunoprecipitates were analysed by SDS-PAGE and Western blotting. The 
aGFP-immunoprecipitated extracts were visualised with both anti-GFP 
(Molecular Probes) and anti-Myc (Research Diagnostics, Inc.) antibodies. 
Similarly, the aMyc-immunoprecipitated extracts were visualised with both 
antibodies on Western blots. As expected, a band at approximately 76 kD is seen 
on the Western blot visualised with antibodies against GFP (Molecular Probes) in 
the anti-GFP IPs from the strains expressing sfml +-GFP (lanes 3 and 6 in Fig. 
4.7.i). This is at approximately the same size as the protein seen in the extract 
from a strain expressing Siml-GFP fusion protein (Fig. 4.1.iii). The band is also 
seen in the anti-Myc IP from the strain with both tags (lane 7, Siml-GFP CENP- 
A/Cnpl-Myc in Fig. 4.7.1), showing that Siml-GFP and CENP-A/Cnpl-Myc co- 
immunopr ecipitate.

Similarly, a band is seen at approximately 31 kD in the anti-Myc IPs from 
both the cnpl-Myc single tag strain, and the double-tagged strain when 
visualised with anti-Myc antibody (lanes 12 and 15 in Fig. 4.7.ii). This is the size 
expected for 3XMyc tagged CENP-A/Cnpl protein (Mellone, personal 
communication). This band is also seen in the lane containing extract from the 
double tagged strain immunoprecipitated with anti-GFP antibody (lane 14), 
confirming that Siml-GFP and CENP-A/Cnpl-Myc co-immunoprecipitate 
(Siml-GFP CENP-A/Cnpl-Myc, Fig. 4.7.ii). Preliminary data using the Siml-GST 
construct (section 4.5) suggest that Siml-GST is not in a complex with Sim4-GFP, 
Mal2-GFP, Misl2-GFP or Ndc80-GFP (data not shown).
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Discussion

The phenotypes of the siml mutants suggested that simT is likely to 
encode a kinetoehore component or a regulator of kinetoehore function. Since 
CENP-A/Cnpl centromeric localisation and association requires Siml, it is 
possible that Siml acts directly or indirectly to regulate CENP-A/Cnpl assembly 
into central core chromatin. To investigate this possibility, tools were generated 
to allow the localisation and interactions of the Siml protein to be assessed. simT 

was cloned into the pREP41/42eGFP vector and was also tagged at the genomic 
locus with GFP. This allowed localisation of Siml-GFP to be tested relative to the 
localisation of known kinetoehore proteins. Siml-GFP was indeed found to co- 
localise with the known centromere-kinetochore factor Mis6-HA in 
immunofluorescence experiments, confirming that Siml protein is a centromere- 
kinetochore protein. Siml was tagged with GST and expressed in bacteria to 
allow an antibody to be raised to the Siml protein in rabbit. This antibody 
detected the native protein and the GFP-tagged protein on Western blots and 
also detected Siml protein in immunostaining experiments, confirming that Siml 

localises to centromeres.

Chromatin immunoprecipitation was employed to more precisely define 
the region of the centromere where Siml acts, These ChIP assays revealed that 
Siml-GFP associates specifically with the central core region of the centromere. 
Unfortunately, the anti-Siml antibody did not work in ChIP experiments. It 
would be useful in the future to cross the Siml-GFP tagged protein into strains 
with the ura4+ gene inserted into the central core or the outer repeats of the 
centromere and a control strain with the ura4+ gene inserted at a random, 
euchromatic, locus. These strains also contain the ura4DSE allele (4835: 
ura4+ ::Rint ura4DSE, 4837: cnt::ura4+ ura4DSE, 4841: otrlR::ura4+ ura4DSE). This 
means that immunoprecipitation of sequences at the centromere can be 
compared with immunoprecipitation of the ura4DSE sequences with the same 
pair of primers, thus removing the problem of different primer efficiencies in the 
PCR analysis of the immunoprecipitated chromatin. This would also allow the
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question of whether Siml is capable of spreading over non-centromeric DNA 
inserted at the centromere to be addressed; some other centromere proteins, such 
as Swi6 and Mis6, are capable of spreading (Partridge et al., 2000).

A protein involved in CENP-A/Cnpl loading/assembly would be 
expected to interact with CENP-A/Cnpl itself. It is therefore intriguing that 
immunoprecipitation experiments revealed an association between Siml-GFP 
and Cnpl-Myc. This is consistent with a possible role for Siml in loading CENP- 
A/Cnpl at the centromere. However, it is not yet resolved if this is a direct 
interaction. This could be investigated using the Siml-GST fusion protein and 
testing if recombinant CENP-A/Cnpl is pulled down in vitro. It is possible that 
CENP-A/Cnpl and Siml only associate at a particular stage of the cell cycle. 
This could be assessed by performing immunoprecipitations on extracts 
prepared from synchronised cultures sampled at regular intervals as they pass 
through the cell cycle. Alternatively, mutations / conditions that block at distinct 
phases could be used to determine whether the CENP-A/Cnpl-Siml association 
varies throughout the cell cycle.
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Chapter 5: Characterisation of the sim6-86 mutant

Introduction

Fission yeast centromeres consists of two distinct domains: the central 
domain, comprising the central core and inner repeats, and the outer flanking 
repeat region. The central domain is subject to relatively weak transcriptional 
silencing whereas the outer repeats are strongly silenced. Central domain 
chromatin is assembled in nucleosomes in which the histone H3 is replaced with 
a centromere-specific histone H3 variant, CENP-A/Cnpl (the S. pombe CENP-A 
homologue). The chromatin structure of the central domain is thought to be 
different from that of the rest of the genome as it produces a smear pattern on 
digestion with micrococcal nuclease rather than the usual ladder pattern seen for 
bulk chromatin (Polizzi and Clarke, 1991; Takahashi et al., 1992). In cells mutant 
for central domain proteins such as Sim4 and in Mis6, this smear pattern is lost, 
and a ladder pattern seen (see Fig. 1.6), indicating that the central core region is 
no longer packaged as specialised chromatin (Pidoux et al., 2003; Saitoh et al., 
1997).

Fission yeast outer repeat chromatin is packaged with histone H3- 
containing nucleosomes but is also distinct from bulk chromatin in that histones 
H3 and H4 are under-acetylated (Ekwall et al., 1997). In addition, histone H3 in 
the outer repeat regions is methylated on lysine 9 (K9) by the histone 
methyltransferase Clr4 (Nakayama et al., 2001, Bannister et al., 2001). This 
methylation is required for the recruitment of the fission yeast homologue of 
HP1, Swi6, which is in turn required for the recruitment of the fission yeast 
cohesin subunit Rad21 (Nakayama et al., 2001, Bannister et al., 2001, Bernard et 
al., 2001; Nonaka et al., 2002).
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Fig. 5.1. Viability of the sim6-86 mutant. A serial dilution assay was 
performed on YES-phloxine B plates at 25°C and 36°C. The assay 
shows that the sim6-86 mutant forms only a few, very small, colonies 
at 36°C compared with a wild-type strain.
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Fig. 5.2. Sensitivity of the sim6-86 mutant to dimethyl sulphoxide. A
serial dilution assay was performed on YES medium with and without the 
addition of 4% DMSO. The temperature sensitivity of the sim6-86 mutant is 
enhanced at 32°C and 36°C.
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This chapter describes the characterisation of the sim6-86 mutant and 
attempts to clone the sim6+ gene. This mutant was unique amongst the mutants 
identified in the silencing screen as it alleviates silencing at both the central 
domain and at the outer repeats (Pidoux et al., 2003 and unpublished data). This 
raises the interesting possibility that the sim6 gene product is involved in 
forming a specialised structure important for both outer repeat and central core 
functions. One hypothesis is that the kinetoehore itself forms over the central 
domain, but the outer repeat regions are required for "presenting" the central 
domain chromatin to the kinetoehore. The sim6+ gene product might involved in 
constructing or co-ordinating this structure.

Results

5.1. Effect of mutations in sim6 on viability

The sim6-86 mutation was originally identified through its effect on 
silencing at the central core (Pidoux et al., 2003 and unpublished data). It had 
also been shown to alleviate silencing at the outer repeat regions and to result in 
slow growth at 36°C. I investigated these phenotypes in more detail.

To investigate the effects of the sim6-86 mutation on growth at high 
temperatures, serial dilutions of cells were plated onto YES-Phloxine B plates, as 
described for the siml mutants in Chapter 3. Dead and dying cells are stained 
dark pink by this pigment, thus strains that are growth impaired at a particular 
temperature grow as dark pink colonies. Growth of the sim6-86 strain was 
compared with growth of an isogenic wild type strain and with growth of the 
temperature sensitive mis6-302 strain, and a rikl deletion strain (rifclA) (Fig. 5.1). 
The sim6-86 mutant strain forms few colonies at 36°C and these are much darker 
pink than the colonies formed by the wild type strain, indicating that the cells are
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severely growth impaired. The sim6-86 mutation therefore results in a high level 
of mortality at the restrictive temperature of 36°C.

5.2. The sim6-86 mutant is sensitive to dimethyl sulphoxide

The temperature-sensitivity of sim6-86 is milder than seen for the siml 

mutants. sim6-86 was therefore also tested for growth at a range of temperatures 
on medium containing dimethyl sulfoxide (DMSO) to test whether this enhanced 
the inviability phenotype. DMSO is an organic solvent that provides a further 
conditional phenotype. DMSO destabilises nucleic acid duplexes, and it is likely 
to affect other macromolecular complexes (Bartel and Varshavsky, 1988). DMSO 
may enhance the phenotypes of kinetochore mutants by further destabilising an 
already weak complex. The inviability phenotype of sim6-86 is enhanced at all 
temperatures when grown on medium containing DMSO (Fig. 5.2). DMSO 
sensitivity thus provides a useful conditional phenotype that can be combined 
with temperature sensitivity for use in phenotypic studies and also as an aid for 
cloning by complementation.

5.3. Silencing at the central domain and outer repeat regions is alleviated 

in the sim6-86 mutant

The silencing assay had been carried out in a strain with marker genes 

inserted in regions across the genome that are usually subjected to 

transcriptional silencing (3027/3033: cntl::arg3+ otr2::ura4+ tellL::his3 + Pidoux et 

al., see Fig. 1.8 for positions of marker genes). The mutants had been identified 

by their alleviation of silencing at the central core, enabling the mutants to grow 

faster than wild type cells on medium lacking arginine. The alleviation of 

transcriptional silencing at the central core and the effect of the sim6-86 mutation 

on silencing at other regions of the genome was assessed by a serial dilution 

assay on various selective media. sim6-86 grows faster than the isogenic wild 

type strain (3027/33) on medium lacking arginine, confirming that 

transcriptional silencing of the central domain has been alleviated (Fig. 5.3). The
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Fig. 5.3. Silencing phenotypes of the sim6-86 mutant. A serial dilution assay was 
carried out on various selective media. The sim6-86 mutant does not form colonies on 
medium lacking histidine, showing that telomeric silencing is intact. The sim6-86 
strain grows on medium lacking arginine, confirming that central domain silencing has 
been alleviated, as does a strain with a mutation in mis6, a known central core 
component. The sim6-86 mutant also grows on medium lacking uracil, but fails to 
grow well on counter-selective medium containing 5-FOA. This shows that there is 
transcription of the ura4 + marker gene inserted at the outer repeats.
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sim6-86 mutant is unable to grow on medium lacking histidine, indicating that 
transcriptional repression at telomeric regions is intact. A rikl deletion strain 
(riklA) is able to grow on medium lacking histidine as Rikl is required for 
telomeric silencing.

The sim6-86 strain is also able to grow on medium lacking uracil, 
indicating that transcriptional silencing at the outer repeats is alleviated. 
However, the sim6 strain forms smaller colonies on this medium than the rikl 

deletion strain. This may indicate that the alleviation of silencing is only partial, 
so that colonies are able to grow, but slowly. Conversely, this sim6-86 strain 
grows more slowly than the isogenic wild type straining on medium containing 
5-fluoro-orotic acid (FOA). This medium provides counter-selection for the ura4+ 

phenotype, as cells expressing the ura4+ gene are unable to grow on medium 
containing FOA. Silencing at the mating type loci was assessed by iodine staining 
and found to be as wild type (data not shown).

The sim6-86 mutant appears to grow more slowly than the rikl deletion 
strain on medium lacking uracil, which may indicate that transcriptional 
repression is only partly lifted by the sim6-86 mutation. This phenotype of sim6- 

86 was investigated further, initially by testing whether the loss of silencing is 
genuinely a result of a mutation and not a result of a genomic rearrangement 
bringing the ura4+ gene into a transcribed region.

5.4. Confirming that the alleviation of silencing of the ura4+ gene is not the 

result of a genomic rearrangement

sim6-86 and wild-type genomic DNA was digested singly with CM, Stul 

and EcoRV, and in a double digest with Clal/Kpnl, Southern blotted and probed 
with the ura4+ gene to test for rearrangements at the centromere which could 
bring the ura4+ gene into a transcriptionally active region. The results indicate 
that there has been no rearrangement in the sim6 mutant as the bands are the
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Figure 5.4. Investigating whether the ura4+ gene has been 
subject to a genomic rearrangement. Genomic DMA from the 
sim6 and sim7 mutants and the isogenic wild type strain was 
digested with C/al, blotted and probed with the <jra4* gene. The 
ura4+ gene in the sim7-29 appears to have been subject to a 
genomic re-arrangement, although this gene is still silenced in the 
mutant.
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Fig. 5.5. Further investigation of the outer repeat silencing 
phenotype of sim6-86. A serial dilution was carried out on medium 
containing limiting adenine to compare the colony colour of the sim6-86 
mutant with that for outer repeat mutants. The two sim6-86 otr:ade6+ 
strains (5944/5945, isogenic) form mid-pink colonies, whereas the clr4- 
S5 mutant strain (1792) forms white colonies indicating that 
transcriptional repression has been fully alleviated in the clr4 strain but 
not in sim6-86. The sw/6 deletion strain (1306) forms very pale pink 
colonies. There is no variegation seen in the colony colour of the sim6- 
86 strains, as there is for the epe1ltis2 deletion strain.

wild type

sim6-86

clr4A

*

+ 12.5 
TBZ

Fig. 5.6. Sensitivity of sim6-86 to the microtubule- destabilising 
drug thiabendazole (TBZ). A serial dilution assay was performed 
on rich medium with and without the addition of 12.5 ^g/ml TBZ at 
25°C. sim6-86 is sensitive to the poison, as is a strain lacking the 
outer repeat factor Clr4, clr4A.
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same as wild type (Fig 5.4, Clal digest shown). The sim6-86 mutant was also 

tested to determine whether the arg3+ has undergone a genomic rearrangement 

which could have brought it into a transcriptionally active region. Southern 

blotting revealed that there has been no such rearrangement (data not shown).

5.5. Further investigation of the effect of the sim6-86 mutation on silencing 

at the outer repeats

The sim6-86 mutation had been back-crossed 3 times to determine that the 

temperature sensitivity and silencing phenotypes were the result of a single 

mutation (Pidoux, unpublished). However, because the phenotype of alleviating 

silencing at both the central core and the outer repeats is unusual, the status of 

the ade6+ gene at the outer repeats (otrlR:ade6*) was assessed in the sim6-86 

mutant as further confirmation. This served two purposes: to test whether the 

sim6-86 mutation still alleviated otr silencing in this new genetic background and 

also to visualise silencing in a different way. Testing whether the strain grows on 

plates either lacking uracil, or containing 5-FOA, imposes selection on the yeast, 

whereas assessing growth on limiting adenine imposes no selection as levels of 

transcriptional repression are assessed by the colour of the colonies. A serial 

dilution assay was carried out to compare silencing at otr in the sim6-86 

otrIR::ade6+ strain with silencing in a isogenic wild type strain, a swi6 deletion 

strain, a swi6 mutant strain, a clr4 mutant strain. A strain with a deletion of 

epel/tis2, which is thought to play a role in heterochromatin stability (Ayoub et 

al., 2003) was also used for comparison, as this produces variegated colonies on 

limiting adenine (Mine, personal communication). The wild type strain formed 

red colonies, due to the transcriptional repression of the ade6+ gene inserted in 

the otr of cenl (Fig 5.5). Colonies from the swiBA strain were very pale pink, and 

those from the clr4 mutant strain were white. The sim6-86 mutant was found to 

form mid-pink colonies. All sim6-86 isolates tested produced colonies of the same 

colour and there was no variegation of colony colour, which is seen in the 

epel/tisl deletion strain. These results suggest that the sim6-86 mutation results in 

an intermediate level of transcription at the outer repeats.

100



Novel kinetochore factors in. fission yeast

5.6. sim6-86 is sensitive to a microtubule poison

Thiabendazole (TBZ) is a microtubule disrupting drug that shifts the 

equilibrium of tubulin polymerisation/depolymerisation. Strains with defects in 

kinetochore function may have a less stable kinetochore complex, resulting in the 

cell being unable to tolerate the additional instability caused by the TBZ. Many 

strains defective in centromere function are sensitive to this drug, for example, 

the dr4 deletion strain shown in Fig. 5.6. simsl,3 and 4 are also sensitive to TBZ 

although both cnpl and mis6 are unaffected by TBZ (Pidoux et al., 2003). The 

growth of sim6-86 on TBZ-containing medium was compared with growth of a 

wild type strain and a strain with the outer repeat factor clr4 deleted, which is 

highly sensitive to TBZ. The assay shows that sim6-86 is also sensitive to TBZ. 

This suggests that Sim6 may play either a direct or indirect role in kinetochore- 

microtubule interactions.

5.7. The sim6-86 mutant exhibits defects in chromosome segregation

The silencing phenotype of sim6-86 suggests that the sim6 ORF may 

encode a centromere-kinetochore component or a regulator of centromere- 

kinetochore function and as such, the mutation is likely to result in chromosome 

segregation defects. Chromosome segregation was investigated in two ways; by 

monitoring the rate of loss of a marked minichromosome and also by observing 

the segregation of endogenous chromosomes at the permissive and restrictive 

temperatures.

5.7.i. Mis-segregation of endogenous chromosomes

To investigate whether the sim6-86 mutation results in chromosome 

segregation defects or abnormal cell morphology, cells from sim6-86 and an 

isogenic wild type strain were harvested from log phase cultures grown at the 

permissive and restrictive temperatures. Cells were then fixed and stained with 

an antibody against tubulin to stain microtubules in conjunction with DAPI 

staining of DNA. Mitotic cells were scored for segregation defects by
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Fig. 5.7.i. Chromosome segregation defects in the sim6-86 
mutant. Cells were immunostained as for wild type. Chromosome 
segregation defects are observed at a high frequency, a: hyper- 
condensed chromosomes in a pro-metaphase cell, b: lagging 
chromosomes in a late anaphase cell, c: unequal segregation of DMA 
in a late anaphase cell.



Strain

Wild type
25°C

Wild type
36°C

s/m6-86
25°C

sim6-86
36°C

Hyper- 
condensed 
DNA

0.5%
(2/401)

2.1%
(8/385)

4.5%
(12/268)

4.0%
(8/198)

Lagging 
chromosomes

0.7%
(3/401)

1.0%
(4/385)

3.7%
(10/268)

5.1%
(10/198)

Unequal 
segregation 
of DNA

0.7%
(3/401)

0.8%
(3/385)

7.1%
(19/268)

7.6%
(15/198)

Table 5.7.i. Chromosome mis-segregation frequencies in sim6-86 mitotic 
cells. Table shows percentages of mitotic cells with hyper-condensed DNA in 
pro-metaphase, and lagging chromosomes and unequal segregation of DNA in 
anaphase. The sim6-86 mutant shows significantly higher rates of 
chromosome segregation defects than the wild type control at the permissive 
and the restrictive temperatures.



DMA Tubulin CENP-A/Cnp1
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Fig. 5.4.ii. The sim6-86 mutant has abnormally long cells at the 
restrictive temperature. sim6-86 (a) and wild type cells (b) grown at the 
restrictive temperature were fixed and immunostained with antibodies against 
CENP-A/Cnp1 (red) and tubulin (green) to reveal spindles, in conjunction with 
DAPI staining of DMA (blue). The sim6-86 cells show a high proportion of 
abnormally long cells (approximately 20%).



*
Fig. 5.7.iii. A minichromosome loss 
assay was carried out to investigate 
chromosome mis-segregation. Colonies 
that are at least half red lost the 
minichromosome at the first cell division 
after plating (*). Colonies which lose the 
minichromosome later are less than half 
red (+). Colonies that are fully red lost the 
mini-chromosome prior to plating, and were 
not included in counts.

Strain

Wild Type

sim6-86

sw;6A

Percentage Loss per Division at

30°C

0% 
(0/5873)

7.2% 
(211/2943)

10.2% 
(537/5250)

32°C

«0.1% 
(1/7120)

11.8% 
(328/2778)

5.9% 
(175/2966)

36°C

«0.1% 
(2/7491)

13.2% 
(499/3781)

2.7% 
(254/9472)

Table 5.7.iii. Minichromosome loss rate in the sim6-86 mutant. A half 
sectoring assay was carried out as described (Allshire et al., 1995). The rate 
of loss at the first division after plating is calculated. Elevated loss rates 
indicate increased chromosome instability. The sim6-86 mutant displays a 
high rate of loss, particularly at 36°C.
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fluorescence microscopy. Segregation defects are rarely seen in the wild type 

strain (Fig. 3.4.i.a and Table 5.7.L). The sim6-86 mutant displays higher 

proportions of multiple forms of chromosome mis-segregation, particularly 

unequal segregation of DNA, which suggests that the sim6* product may play a 

role in biorientation (Fig 5.7.1. and Table 5.7.1). Short spindles with highly 

condensed chromosomes are also common in sim6-86. Interestingly, the sim6-86 

cultures contained a high proportion of very long cells (Fig. 5.7.ii), which is 

indicative of a cell-cycle delay, presumably in Gl or G2 phase as cells do not 

grow in M phase.

5.7.ii. Rates of loss of a marked mini-chromosome

Monitoring loss rates of a marked non-essential mini-chromosome, Chl6, 

is a different assay of chromosome segregation defects. This identifies cells in 

which lagging chromosomes do no reach the spindle poles as well as cells which 

lost the mini-chromosome due to unequal segregation (Niwa et al., 1989). The 

530 kb linear Chl6 minichromosome was introduced into a sim6-86 strain 

carrying a non-functional ade6 allele (ade6-210). The Chl6 minichromosome 

carries a different non-functional ade6 allele (ade6-2l6). In the presence of the 

minichromosome, inter-allelic complementation takes place between the ade6-210 

and ade6-216 gene products, resulting in the growth of white ade6 + colonies on 

medium containing limiting adenine. When the mini-chromosome is lost, the 

cells form red colonies on limiting adenine. In the absence of selection, the loss 

rate of Chl6 in wild type cells is very low (less than 0.1% at 36°C), suggesting 

that the lagging endogenous seen in Table 5.7.i are recovered in wild type cells. 

However, the mini-chromosome is lost at high frequency in many mutants that 

disrupt centromere function. Loss rates at the first division after plating were 

determined: if the minichromosome was lost at this cell division the colony will 

be at least half red (Fig 5.7.iii, Allshire et al., 1995). Loss rates at the first cell 

division after plating were determined for sim6-86, an isogenic wild type strain 

and swi6A at 30°C and 36°C. Consistent with previous measurements, the wild 

type strain shows an extremely low loss rate at both temperatures investigated 

(less than 0.1%) (Niwa et al., 1989). The sty/6 deletion strain is slightly cold
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Fig. 5.8. Methylation of histone H3 lysine 9 in the centromeric outer repeats in 
sim6-86. ChIP was carried out on cells from a wild type strain, the sim6-86 mutant, 
and a strain deleted for the histone methyltransferase Clr4 grown at the permissive 
and restrictive temperatures. DNA was immunoprecipitated using an antibody which 
specifically recognises histone H3 methylated on lysine 9. The total input DNA (T), 
immunoprecipitated material (+) and control material which had been processed but 
where no antibody was added (-), were analysed by duplex PCR. Primers were used 
which were designed to amplify the outer repeats of centromere 1 (otr, upper band) 
and a control, euchromatic locus (fbp, lower band), as before. The signal for the wild 
type control input DNA at 36°C is unusually weak, making quantification hard, 
however, histone H3 lysine 9 methylation is clearly lost in the clr4 deletion strain, 
consistent with previous reports (Bannister etal., 2001; Nakayama etal., 2001). 
Methylation is reduced in the sim6-86 strain at the restrictive temperature, suggesting 
that outer repeat structure is defective in this mutant. Graph shows quantification of 
ChIP data.
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sensitive and thus displays a higher loss rate at 30°C (10.2%). The sim6-86 strain 

has a high loss rate; 7.2% at 30°C and 13.2% at 36°C (Table 5.7.iii). These results 

suggest that the sim6+ gene product is required for proper chromosome 

transmission through mitosis.

5.8. Histone H3 lysine 9 methylation is reduced in the sim6-86 mutant

Histone H3 in the outer repeat regions of the fission yeast centromere is 

methylated on lysine 9 (K9). This methylation is mediated by the SET domain of 

the histone methyltransferase Clr4 (Nakayama et al., 2001, Bannister et al., 2001). 

As the sim6-86 mutation results in partial alleviation of silencing at the outer 

repeat regions, K9 methylation of histone H3 was monitored in this mutant by 

chromatin immunoprecipitation. sim6-86, clr4A and wild type cells grown at 25°C 

and 36°C were harvested. Chromatin was immunoprecipitated using an 

antibody which specifically recognises histone H3 dimethylated on K9 (cx-MeK9, 

commercially available from Upstate Biotech, see Appendix D). Multiplex PCR 

analysis was carried out on input (lanes designated "T" on Fig. 5.8) and 

immunoprecipitated (lanes with "+" on Fig. 5.8) chromatin using primers 

designed to amplify a sequence from the outer repeat (otr) region of cenl and a 

euchromatic control locus. Consistent with previous reports, enrichment of the 

otr sequences is also lost in the dr4 deletion strain (Nakayama et al., 2001, 

Bannister et al., 2001). The wild type input DNA gave a very weak signal in the 

multiplex PCR, therefore, quantification for otr enrichment in the wild type 

immunoprecipitation is unreliable. However, the data indicate that K9 

methylation is reduced in sim6-86 cells at the restrictive temperature (Fig. 5.8). 

These data suggest that outer repeat heterochromatin structure is defective in the 

sim6 mutant.

5.9. Attempts to identify the sim6+ gene

Attempts were made to clone sim6+ by complementation using two 

genomic libraries and by genetically mapping the mutation.
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Fig. 5.9.i. Putative sim6-86 complementing clones. Plasmids which 
rescued the temperature-sensitivity of sim6-86 in the library 
transformations were isolated and re-transformed into s/m6-86to test 
whether they still complemented the mutant phenotype. A serial dilution 
assay was then performed on medium containing phloxine B at 25°C and 
36°C to test temperature sensitivity and on medium lacking arginine to test 
for re-imposition of central core silencing. Growth was compared with an 
isogenic wild type strain and the sim6-86 transformed with an empty 
vector, and also with a strain carrying the arg3+ gene at the endogenous 
locus. Clone 2, and to a lesser extent, clone 3, seems to complement the 
temperature sensitivity, although neither re-imposes central core silencing.
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5.9.i Cloning by complementation with genomic libraries

Cloning of sim6+ was initially attempted by complementation with the 

pDB genomic library (Beach et al., 1982). sim6-86 cells were transformed with the 

library DNA and transformants plated on YES-Phloxine B plates at 36°C. sim6-86 

cells carrying plasmids which complement the mutation can then be detected as 

light pink colonies compared with the background of dark pink, temperature- 

sensitive sim6-86 colonies. Plasmid DNA was then isolated from non- 

temperature sensitive Leu+ transformants, rescued into bacteria and 

characterised by restriction enzyme analysis. The clones were sequenced as 

described in chapter 2. However, when re-transformed into sim6-86 none of the 

plasmids re-imposed silencing or complemented the temperature sensitivity, 

suggesting that the pale pink colonies were a revertant or had second site 

suppressor mutations. Attempts to repeat this using complementation of the 

TBZ- and DMSO-sensitivity phenotypes also failed to identify any plasmids 

which suppressed the sim6-86 mutation on re-transformation.

Cloning by complementation was repeated using a different genomic 

library, the pTN-Ll genomic library (kindly provided by Taro Nakamura, 

(Tanaka et al., 2000, Nakamura et al., 2001). The pDB library used initially is a 

high-copy library, and it is possible that over-expression of wild type Sim6 is also 

deleterious to the cell. It is also possible that the sequence is not present in the 

pDB library. The pTN-Ll library is a low-copy library and would hopefully not 

present this complication. sim6-86 cells were transformed with the library and 

transformants selected as described above. Three clones were identified that 

rescued the temperature sensitive phenotype. These clones were re-transformed 

into sim6-86 to test whether they still complemented the mutant phenotype (Fig. 

5.9.i). None of the clones re-imposes silencing at the central core but clone 2, and 

to a lesser extent, clone 3, complements the temperature sensitivity. The clones 

were isolated and sequenced and the sequences analysed using the BLAST server 

on the Sanger centre S. pombe website. To date, sequence has not been obtained 

for clones 1 or 2. This may be a problem of the pTN-Ll vector, or of the insert, as 

problems with sequencing the inserts have been reported with other clones that
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complement the sim6-86 phenotype (Dunleavy, personal communication). It is 
possible that bacteria are unable to efficiently replicate this insert or vector. 
Restriction enzyme analysis of plasmid DNA prepared from bacteria indicated 
that the insert had been lost, suggesting that the problem is more likely to be a 
problem of replicating the insert DNA in bacteria (data not shown): it may be 
possible to PCR amplify the inserts from the plasmids grown in fission yeast 
using vector primers in the future.

The insert from clone 3 was found to encode DNA from cosmid SPBC409 
from chromosome II. The sim6-86 mutation was subsequently mapped to 
chromosome I (see below), so the insert must encode an extragenic suppressor of 
sim6-86. By sequence analysis of the ends of the clone and comparison with the 
fission yeast genome sequence (published by the Sanger Centre, 
http:/ /www.sanger.ac.uk/cgi-bin/blast/submitblast/s pombe/), it was 
determined that the insert encompassed four ORFs. The first ORF encodes a 
hypothetical protein, with similarity to S. cerevisiae YADA. The second encodes a 
homologue of S. cerevisiae Skpl, which has been shown to be essential for cell 
separation (discussed in the Introduction). The third ORF encodes a ubiquitin 
carboxyl-terminal hydrolase-like protein. The final ORF encodes a protein kinase, 
Wisl. Wisl is a regulator of mitosis in S. pombe, which interacts with Cdc25, 
Weel and Winl (Warbrick and Fantes, 1991). Intriguingly, deletion of wisT 

results in a long cell phenotype as seen for the sim6-86 mutant. A pREP41 
plasmid bearing w isl + was transformed into the sim6 mutant to test whether the 
sim6-86 mutation can be complemented by the wisT ORF, however, this strain 
did not grow well even under permissive conditions. This is probably because 
the wisT gene is under the control of a medium strength nmt promoter on the 
pREP41 plasmid and is consequently too highly expressed, reducing the viability 

of the transformed cells (data not shown, Maundrell, 1990). Time constraints 
prevented further investigation but the ability of wisT to complement the sim6-86 

mutation could be further tested by growing the transformed cells on medium 
containing thiamine, to repress expression of wisT to nearer physiological levels.
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Fig. 5.9.ii. Mapping the sim6-86 mutation. A non-sporulating diploid strain was 
constructed from a sim6-86 strain and a strain with marker genes on each of the 
three chromosomes. The resulting diploids were broken down by growing them on 
medium containing thiabendazole, which induces chromosome loss. As fission yeast 
cells do not tolerate aneuploidy, haploid progeny are generated which contain a 
mixture of chromosomes from the parental marker and sim6-86 strains. sim&-86 
mutant cells were identified by their temperature sensitive phenotype on Phloxine-B 

plates and the mutant cells were all unable to grow on medium lacking arginine, 
showing that sim6 is on chromosome I. No co-segregation was seen with the 
markers on chromosomes II or III.
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5.9.H. Mapping the sim6-86 mutation

Mapping techniques were used in conjunction with cloning by 

complementation to try to identify the sim6+ ORF, The sim6-86 mutation was 
mapped to one of the three fission yeast chromosomes by forming a diploid 

strain between a sim6-86 strain with chromosome I unmarked (arg3~), 

chromosome II unmarked (ura4~), and chromosome III marked with the ade6-210 

allele (which produces red colonies on medium with limiting adenine) and a 
strain with arg3 + inserted at the central core of centromere I, ura4+ inserted at the 
outer repeats of centromere II and a different ade6 allele, ade6-216, on 

chromosome III (which produces pink colonies on medium containing limiting 

adenine). The diploid was selected by growth on medium lacking adenine as 

there is inter-allelic complementation between the two different ade6 alleles. A 

non-sporulating diploid was selected, to ensure that no recombination took 

place, and the diploid was then broken down by growth on medium containing 

thiabendazole to induce chromosome loss. As S. pombe cells do not tolerate 

aneuploidy, haploid cells are produced which contain a mixture of chromosomes 
from the sim6-86 strain parent and the marker strain parent (Fig 5.6.ii.). The sim6- 

86 mutation was followed using the temperature-sensitive phenotype. The sim6- 

86 mutation showed random segregation with respect to the un?4+ and ade6-216 

allele. However, there were no arg3 + temperature sensitive colonies, and all arg3' 

colonies were temperature sensitive, therefore the sim6-86 mutation is located on 

chromosome I.

5.10. Testing allelism o/sim6-86 with other factors affecting centromere 

function

The sim6-86 was also crossed into strains carrying mutations of known 

kinetoehore components to determine whether sim6-86 is an allele of one of 

these. The progeny were analysed by random spore analysis (described in 

chapter 2). This indicated that the sim6-86 mutation is not an allele of ndc80+ , 

nufl* , malT or spc24+ . Random spore analysis also determined that sim6-86 is not 

an allele of dinT or dhpT. dhpT encodes a homologue of an S. cerevisiae 5'-3'
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exoribonuclease. dhpl mutants exhibit chromosome mis-segregation at the 

restrictive temperature. dm2 + was identified as a multi copy suppressor of dhpl-1 

(Shobuike et al., 2001). dinl and dhpl mutants also display intermediate 
alleviation of silencing at the outer repeats (Schramke and Robertson, 

unpublished), as does the sim6-86 mutant, however, the crosses showed that sim6 

is not an allele of either dinT or dhpT. The sim6-86 mutant was also crossed to 

the fission yeast homologues of S. cerevisiae hir mutants. The Hir proteins are 

involved in nucleosome assembly, heterochromatin silencing and forming a 

functional kinetoehore (Kaufman et al., 1998; Sharp et al., 2002). Mutants in the 

fission yeast homologues, hipl and slm9, display chromosome segregation 

defects and, like the sim6-86 mutant, display abnormally long cells (Blackwell, in 

press). These crosses showed that sim6-86 is also not an allele of hipT or slm9+ .

5.11. Localisation of other centromere-kinetochore components in the 

sim6-86 mutant

The localisation of a range of centromere-kinetochore factors was analysed 

in the sim6-86 mutant. Proteins were tested from different putative sub- 

complexes within the kinetoehore complex (see Chapter 1 and Fig. 1.7) to try to 

determine where Sim6 is likely to act. As with the siml mutants, attention was 

initially directed at the localisation of CENP-A/Cnpl in the sim6 mutant. CENP- 

A/Cnpl is an essential component of centromeric chromatin, but it is still not 

understood how it is targeted specifically to the centromere (Takahashi et al., 

2000). Mutations in factors involved either directly in CENP-A/Cnpl loading, or 

that contribute in another way to centromere-kinetochore architecture, would be 

expected to result in chromosome segregation defects similar to those seen in 

sim6-86.

5.11.1. Immunofluorescence localisation of CENP-A/Cnp1 in sim6-86

vThe localisation of endogenous CENP-A/Cnpl in the sim6-86 mutant was 

investigated initially by indirect immunofluorescence. Cells were harvested from
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Fig. 5.11.i. CENP-A/Cnp1 shows wild type localisation in the sim6- 
86 mutant at the restrictive temperature. Log phase cells were 
immunostained with anti-CENP-A/Cnp1 antibody (Kniola et al., 2001) 
and antibody against the HA epitope to visualise Mis6 localisation as a 
control. A single CENP-A/Cnp1 signal is seen that colocalises with the 
Mis6-HA foci in the wild type strain at the restrictive temperature (top 
panel). A CENP-A/Cnp1 signal is also seen in the sim6-86 mutant at 
both temperatures, indicating that CENP-A/Cnp1 localisation is not 
disrupted in this mutant (lower panel).
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Fig. 5.11.ii. Localisation of CENP-A/Cnp1 in the sim6-86 mutant by 
ChlP. a. Multiplex PCR analysis of input and immunoprecipitated 
samples. Chromatin was immunoprecipitated with the a-CENP-A/Cnp1 
antibody (Kniola et al., 2001). Multiplex PCR was carried out on input 
(lanes labeled "T") and immunoprecipitated DMA (lanes labeled "IP"). A 
blank control where no DMA was added is also shwon (dH20). Ratios of 
PCR bands were determined as described previously, b. Quantification 
of ChlP data. Central core sequences are enriched in the 
immunoprecipitated samples from the sim6-86 strains at both 
temperatures, showing that CENP-A/Cnp1 association with central core 
sequences is unaffected by the sim6-86 mutation.
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sim6-86 and wild type log phase cultures grown at the permissive and restrictive 
temperatures. Cells were fixed for a short period and stained with anti-CENP- 
A/Cnpl antibody (Kniola et al., 2001) and with an antibody against the HA 
epitope (see Chapter 2) to reveal Mis6-HA , which localises to the centromere 
and which had been found to localise as normal in the sim6 mutant (data not 
shown). CENP-A/Cnpl staining is seen as a single spot in most wild type cells, 
co-localising with the Mis6-HA spot (Fig. 5.11.1.)- In sim6-86 cells a similar signal 
is observed, suggesting that CENP-A/Cnpl localisation is normal in sim6-86 

cells. Thus the sim6-86 mutation does not appear to affect CENP-A/Cnpl 
localisation as detected by immunofluorescence.

5.11.ii. CENP-A/Cnp1 association with central domain DNA is unaffected in 
s/m6-86

CENP-A/Cnpl association with the centromere in sim6-86 was confirmed 
by carrying out chromatin immunoprecipitation analysis using the anti-CENP- 
A/Cnpl antibody as before. ChIP was carried out on sim6-86 and wild type cells 
grown at the permissive and restrictive temperatures. Multiplex PCR was used 
to analyse immunoprecipitated chromatin ("IP" lanes in Fig. 5.11.ii) and input 
chromatin ("T" lanes in Fig. S.ll.ii). The multiplex PCR primers are designed to 
amplify sequences from the outer repeats (top band, otr) and central core 
(middle band, cnt) of cenl and a euchromatic control locus (bottom band, fbp). 

There is clearly an enrichment of the central core DNA band in the anti-CENP- 
A/Cnpl ChlPs in the sim6-86 mutant in the experiment shown in Fig S.ll.ii, 
even at the restrictive temperature, confirming that CENP-A/Cnpl associates 
normally with centromeric DNA in the sim6-86 mutant.

5.11.Hi. The central domain factor Mis12 shows normal localisation in the 

sim6-86 mutant

The localisation of the central domain factor Misl2 in sim6-86 cells was 
investigated to determine whether the mutation affected localisation of factors 
further from the centromeric chromatin (see Fig. 1.7). Localisation was assessed
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Fig. 5.11.Mi. Localisation of Mis12 in the sim6-86 mutant. Live 
sim6-86 (4409/4410) and wild type cells expressing a GFP-tagged 
version of Mis12 were grown at the permissive and restrictive 
temperatures and mounted as described in chapter 2. Localisation of 
Mis12-GFP is wild type in the sim6-86 mutant at both temperatures.
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Fig. 5.11.iv. Localisation of the Swi6-GFP fusion protein in live simd- 
86 cells. Integrated pREP81XSwi6-GFP was crossed into the sim6-86 
mutant strain (6268). Cells were grown in thiamine-free medium to allow 
the induction of the nmt promoter and were mounted as described in 
Chapter 2. Swi6-GFP localises in heterochromatic foci in the sim6-86 
mutant at the permissive and restrictive temperatures. The parental, wild 
type, pREP81XSwi6-GFP strain (2214) is also shown.
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in live cells expressing Misl2 tagged at the genomic locus with GFP. Misl2-GFP 

localisation in sim6-86 cells (4409/10: sim6-86 mis!2GFP-LEU2+) is identical to 

wild type (3826: mis!2GFP-LEU2+ ) cells at both the permissive and the restrictive 

temperature (Fig. S.ll.iii). Localisation of Misl2 protein thus seems to be 

unaffected by the sim6-86 mutation.

5.11.iv. Localisation of the heterochromatin protein Swi6 in sim6-86

The sim6-86 mutation alleviates transcriptional silencing at the 

heterochromatic outer repeats as well as at the central core of the centromere. 

Additionally, methylation of histone H3 lysine 9 in the outer repeats appears to 

be reduced in sim.6-86 cells at the restrictive temperature. I therefore investigated 

whether proteins that are found at the outer repeats are mis-localised in the sim6- 

86 mutant. A GFP-tagged Swi6 was crossed into the sim6 mutant (6268: sim6-86 

swi6-GFP). Preliminary live-GFP analysis indicates that Swi6 localisation is wild- 

type in the sim6-86 mutant at both the permissive and restrictive temperatures 

(Fig. S.ll.iii.). Several small spots are seen which are likely to correspond to the 

telomeres and a large spot which probably represents centromeres. However this 

needs to be confirmed by co-localising with Mis6-HA as Swi6 localises to the 

silent mating-type loci and telomeres as well as the centromeric outer repeats so 

it remains a possibility that Swi6 is de-localised specifically from the 

centromeres.

5.11.V. Localisation of the NdcSO complex in sim6-86

The NdcSO complex is composed of NdcSO, Nuf2 and Spc24, and is 

required for the accurate segregation of chromosomes (Wigge and Kilmartin, 

2001; Janke et al., 2001; discussed in Chapter 1, see also Fig. 1.7). The localisation 

of the three NdcSO complex components was also investigated by live cell 

analysis (described in chapter 2). These are known kinetoehore components, and 

they have been localised to the central core by ChIP (Fig. S.ll.v.a). To investigate 

whether localisation of this complex is disrupted in sim6-86, strains bearing 

NdcSO, Nuf2 and Spc24 tagged at their genomic loci with GFP were crossed into
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Fig. 5.11.v.a. The NdcSO complex components associate with the central core 
by ChlP. ChIP was carried out on cells from strains in which Ndc80, Nuf2 and 
Spc24 were tagged at their genomic loci with GFP (4569, 4571, and 4573 
respectively), and an untagged strain as a control. DMA was immunoprecipitated 
using an antibody against GFP. The total input DMA (T) and immunoprecipitated 
material (IP) were analysed by multiplex PCR, as described in chapter 2. Primers 
were used which were designed to amplify sequences from the outer repeats of 
centromere 1 (otr, upper band), the central core (cnt, middle band) and a control, 
euchromatic locus (fbp, lower band), as before. There is enrichment of the central 
core sequences in the Ndc80-GFP, Nuf2-GFP and Spc24-GFP 
immunoprecipitated samples. Graph shows quantification of ChIP data.
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Fig. 5.11.v.b. Localisation of the NdcSO complex components in the 
sim6-86 mutant. The tagged NdcSO complex components were crossed in 
to the s/m6-86 mutant (5815; sim6-86 Ndc80-KAN r, 5816; s/m6-86Nuf2- 
K/W,5819; sim6-86 Spc24-KANr). Log phase cells grown at the permissive 
and restrictive temperatures were harvested and mounted (as described in 
chapter 2). Ndc80-GFP, Nuf2-GFP and Spc24-GFP display wild type 
localisation in the sim6-86 mutant at both temperatures (restrictive 
temperature not shown for Spc24-GFP).
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Table. 5.12. Synthetic interactions of the sim6-86 mutant. The sim6- 
86 mutant was tested for synthetic interactions with sim1-106 (4483), sim4- 
193 (4536), sim7-149 (4507), sim2-76, an allele of cenp-a/cnp1 identified in 
the silencing screen (4461, Pidoux et al., 2003), misl2-537 (3828) and a 
strain with a deletion of mad2 (2021). SL, synthetically lethal; S--, S—, 
synthetic interaction, showing degree of impairment compared with the single 
mutants; +, no growth impairment compared with the single mutants. See 
text for more information.

sim6-86 x 

sim1-106 sim4-193 sim7-149 sim2-76 
/cnpl

mis12-537 mad2A

PD TTTT TT PD TT TT PD TT NPD PD TT TT PD TT TT NPD PD NPD NPD

Fig. 5.12. Synthetic interactions of the sim6-86 mutant. Figures show 
examples of tetrads for the crosses detailed in the table above. The resulting asci 
were separated by tetrad dissection and viability of the spores was tested at the 
restrictive temperature on YES-phloxine B medium. Colonies from a parental 
ditype ascus is shown for each cross (PD), to show how the parental, single 
mutant strains grow on the YES-phloxine B plates at 36°C. TT: tetratype, ascus 
with one double mutant (small, very dark pink colonies, or no growth seen), both 
parental single mutants (mid pink colonies), and the wild type recombinant strain 
(light pink colonies). NPD: non-parental ditype, ascus with two spores that are 
wild type recombinants, and two spores that are the double mutant recombinant.
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a sim6~86 mutant background (5815/8: sim6-86 Ndc80GFP-KanR, 5816/7: sim6-86 

Nuf2GFP-KanR, 5819: sim6-86 Spc24GFP-KanR). Cells were grown at the 

permissive and restrictive temperatures and log phase cells mounted and 

viewed. This showed that all three components are localised normally in the 

sim6-86 mutant even at the restrictive temperature, demonstrating that this 

complex is unaffected by the sim6-86 mutation (Fig. S.ll.v.b).

5.12. Genetic interactions between sim6-86 and mutations in centromere- 

kinetochore factors

The sim6-86 mutant was crossed with mutants for known kinetoehore 

factors and the progeny analysed by tetrad dissection to determine whether any 

of the mutants are synthetically lethal with sim6-86. This analysis indicated that 

sim6-86 is synthetically lethal with mutations in siml, sim4 and cenp-A/cnpl (Fig. 

5.12 and Table 5.12). Additionally, double mutant combinations between sim6-86 

and mis!2 or sim7-149 are severely growth impaired at the restrictive 

temperature. These data suggest that there are functional interactions between 

the sim6+ gene product and components of the core kinetoehore. This confirms 

that the Sim6 protein is likely to be important for kinetoehore structure.

sim6-86 does not show a genetic interaction with a deletion in the 

checkpoint component, madl. Mutations which impair chromosome segregation 

as sim6-86 does are expected to trigger the spindle checkpoint, therefore it is 

surprising that sim6-86 does not show a synthetic interaction with the madl 

deletion. However, there is also no synthetic interaction between mutations in 

the known kinetoehore component Sim4 and the madl deletion (Pidoux et al., 

2003). It has also been reported that lagging chromosomes resulting from 

merotelic attachment are not detected by the spindle checkpoint in mammalian 

cells (Cimini et al., 2001). It is possible that strains with mutations in centromere- 

kinetochore factors such as Sim4, and potentially Sim6, which result in high 

numbers of lagging chromosomes do not show synthetic interactions with 

mutations in spindle checkpoint components because merotelically attached
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kinetochores / lagging chromosomes are somehow "invisible" to the spindle 
checkpoint.

Discussion

In this chapter initial phenotypic characterisation of the sim6-86 mutant 
identified in the silencing screen is described. The gene responsible for the sim6- 

86 phenotype remains to be identified but the analysis presented here should 
contribute to our understanding of its function when it is finally cloned. 
Amongst the sim mutant collection, this mutation is unusual in that it alleviates 
transcriptional silencing over the outer repeat regions of the centromere, in 
addition to the central domain. Silencing at the telomeres and the silent mating 
type locus is intact in the sim6-86 mutant. The sim6-86 mutation is therefore of 
particular interest as no other mutant isolated in this or other silencing screens 
alleviates silencing of both regions to this extent (Pidoux et al., 2003; Ekwall et al., 
1999; and unpublished data, Pidoux). The sim6-86 mutation results in 
intermediate alleviation of transcriptional silencing of marker genes inserted 
within the outer repeats, compared with the complete derepression resulting 
from mutations in known outer repeat components such as Clr4. This suggests 
that heterochromatin is only partially disrupted in sim6-86 but the disruption 
allows increased expression of inserted marker genes. It is possible that deletion 
of the putative sim6+ ORF, once identified, would result in complete alleviation of 
silencing at the outer repeats. There is no variegation seen in the level of 
silencing, as observed in the epel/tis2 deletion strain (Mine and Antonelli, 

unpublished).

simB-86 cells are sensitive to the microtubule poison thiabendazole, which 
suggests that the gene product is involved either directly or indirectly in MT- 
kinetochore interactions. Consistent with this, the sim6-86 mutant displays 
elevated levels of chromosome segregation defects of both endogenous 
chromosomes and of a minichromosome. Detailed cytological analysis revealed
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that sim6-86 cells exhibit multiple forms of chromosome segregation defect, 
suggesting that the sim6+ gene product is involved in several aspects of 
centromere-kinetochore function. Surprisingly, sim6-86 cultures grown at the 
restrictive temperature also contain a high proportion of abnormally long cells. 
This elongation of cellular morphology is indicative of a cell cycle delay as seen 
in many cell division cycle (cdc) mutants and mutants that accumulate damaged 
DNA (reviewed in Carr and Caspari, 2004). It is well established that cells 
blocked in mitosis do not continue to grow. Therefore it seems likely that sim6-86 

is slow to pass through Gl, S or G2 due to some regulation or damage repear 
defect.

All centromere-kinetochore components examined to date show wild type 
localisation in the sim6-86 mutant. The centromere-specific histone, CENP- 
A/Cnpl, central core components Mis6, Misl2 and CENP-C/Cnp3 (data not 
shown), and the heterochromatin protein Swi6 were all examined in the sim6-86 

mutant and found to localise as in wild type cells. If Swi6 can still localise to the 
centromeres in the sim6-86 mutant, this would imply that histone H3 lysine 9 
methylation is intact. However, methylation was found to be reduced in the 
sim6-86 mutant background at the restrictive temperature, consistent with the 
partial alleviation of silencing of marker genes inserted at the outer repeats. 
Chromatin immunoprecipitation could be carried out using anti-Swi6 antibodies 
to determine whether Swi6 does in fact interact stably with the outer repeats in 
the sim6-86 mutant (discussed more in chapter 7). One possibility is that the sim6- 

86 mutation allows increased phosphorylation of histone H3 on serine 10, which 
would destabilise the binding of the Swi6 chromodomain to histone H3.

Genetic interactions were investigated between the sim6-86 mutation and 
mutations in known kinetoehore components. Unlinked mutations that act in the 
same or parallel pathways may, when combined, completely disrupt a pathway 
or structure, leading to lethality when the double mutant is incubated under 
conditions where both single mutants grow. "Synthetic lethality" is therefore
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indicative of a genetic interaction between two factors. The sim6-86 cenp-a/cnpl-1, 

sim6-86 siml-106 and sim6-86 sim4-193 double mutant combinations were found 
to be synthetically lethal at the restrictive temperature. This synthetic lethality 
between sim6-86 and mutations in known central core-associated centromere- 
kinetochore components suggests that Sim6 protein interacts functionally with 
the core kinetoehore. Double mutants made between sim6-86 and a misl2- 

temperature sensitive mutation, and between sim6-86 and another mutant 
identified in the silencing screen, sim7-149, were found to be severely growth 
impaired. Genetic interactions between sim6-86 and mutations in outer repeat 
factors should be investigated in the future.

sim6+ has been mapped to chromosome I and several multi-copy 
suppressors of the mutation have been identified by screening a genomic 
library. Unfortunately, cloning of the sim6+ gene was not completed within the 
course of this project. It is possible that the temperature sensitivity phenotype of 
the mutant is not severe enough to enable easy identification of complementing 
genomic library clones. It may prove helpful to attempt cloning in a genetic 
background where the sim6-86 mutation is combined with a mutation in another 
kinetoehore component, such as misl2, to provide a more stringent background. 
Rescuing potential complementing clones by transforming into fission yeast cells 
rather than rescuing plasmids into bacteria may also avoid any problems of the 
bacteria failing to replicate the library DNA. Cloning szm6+ and tagging the ORF 
will enable the determination of where within the kinetoehore complex Sim6 

acts.
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Chapter 6: Characterisation of the sim7 mutants

Introduction

Three of the mutations isolated in the initial silencing screen had 
previously been shown to be allelic and were placed in the same 
complementation group, sim7 (Pidoux, unpublished data). The mutants; sim7-29, 

szraZ-149, and sz'raZ-202, show alleviation of central core silencing, but not of outer 
repeat or telomeric silencing. This silencing phenotype suggested that the sim7+ 

gene product may be a centromere-kinetochore factor or a regulator of 
centromere-kinetochore function. This idea was investigated by assessing 
whether the sz'raZ mutants exhibited defects in chromosome segregation or in the 
localisation of known centromere-kinetochore components. Attempts were made 

to clone the sim7+ gene by complementation with genomic libraries. Genetic 
interactions between the sim7 mutations and mutations in kinetochore factors 
were also investigated to suggest potential roles for the sim7+ gene product.

Results

6.1. Effect of the sim7 mutations on viability

The sim7 mutants, like the siml and sim6 mutants, had been identified by 
their alleviation of the transcriptional repression of a marker gene at the central 

core of the centromere (see Fig. 1.8 for positions of marker genes). The mutants 
had also been found to be mildly temperature sensitive (Pidoux and Richardson, 

unpublished data). These phenotypes were investigated further.
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Fig. 6.1. Viability of the sim7 mutants. A serial dilution assay was 
performed on YES phloxine-B, as described for the sim1 and simd- 
86 mutants. The assay shows that the s/m7-202 mutant forms fewer, 
smaller colonies at 36°C compared with a wild-type strain. The s/m7-749 
mutant appears to be less temperature sensitive than the s/m7-202 mutant.
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Fig. 6.2. Sensitivity of the s/m7 mutants to dimethyl sulphoxide. A
serial dilution assay was performed on YES medium with and without 
the addition of the organic solvent DMSO at a range of temperatures. The 
temperature sensitivity of both s/m7 mutants tested is enhanced at 32°C and 
36°C.
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Fig. 6.3. Silencing phenotypes of the sim? mutants. A serial dilution assay was 
carried out on various selective media at 25°C, the site being assayed is indicated. 
The sim7 mutants grow faster than the isogenic wild type control on medium lacking 
arginine, indicating that transcriptional repression of the arg3+ gene inserted at the 
central core has been alleviated. A strain with a mutation in mis6, a known central 
core component also grows faster on medium lacking arginine (2871).The sim7 
mutants do not form colonies on medium lacking histidine, showing that telomeric 
silencing is intact. Unlike the sim6-86 mutant, the sim7 mutants are unable to grow on 
medium lacking uracil, indicating that outer repeat silencing is also intact. This is 
confirmed by their ability to grow on medium containing 5'-FOA.
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To investigate the temperature-sensitive growth defects caused by the 

sim7 mutations, serial dilutions of cells were plated onto YES-Phloxine B plates, 

as described for the siml and sim6 mutants. Two of the sim? mutants, sim7-149 

and siml-202, were investigated. The third, sim7-29, was found to have a genomic 

re-arrangement of one of the marker genes used in the initial silencing screens 

(see below) so primarily sim7-149 and sim7-202 were used for characterisation 

studies. Growth of the sim7 strains was compared with growth of an isogenic 

wild type strain and with growth of the temperature sensitive mis6-302 strain, 

and a rikl deletion strain (Fig. 6.1). The siml mutant strains form few colonies at 

36°C and these are darker pink than the colonies formed by the wild type strain, 

indicating that the sim7 mutant cells are growth impaired.

6.2. The sim7 mutants are sensitive to dimethyl sulphoxide

The siml mutants were then tested for growth at a range of temperatures 

on medium containing dimethyl sulphoxide (DMSO) as for the sim6 mutant 

(section 5.2 and Fig. 5.2). The viability phenotype of sim7-149 and sim7-202 is 

enhanced at all temperatures when grown on medium containing DMSO (Fig. 

6.2). DMSO sensitivity can thus be combined with temperature sensitivity to 

enhance the temperature sensitive growth defects of the siml mutants for use in 

phenotypic studies and also as an aid for cloning by complementation.

6.3. The sim7 mutations alleviate silencing only at the central core

The silencing phenotypes of the siml alleles were confirmed by serial 

dilution assay as described for sim6-86 (section 5.3). Both sim7-149 and siml-202 

grow faster than the isogenic wild type strain on medium lacking arginine, 

confirming that transcriptional silencing at the central core has been alleviated 

(Fig. 6.3). The siml alleles do not grow on medium lacking histidine, confirming 

that transcriptional repression at the telomeric regions is intact. The siml mutant 

strains also do not grow on medium lacking uracil, indicating that the outer 

repeat regions of the centromere, where the ura4+ gene is inserted, are still 

silenced, unlike sim6-86. This is confirmed by the growth of the siml strains on
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Fig. 6.4. The s/m7 mutation may be dominant with respect to viability and the 
alleviation of central core silencing. A serial dilution assay was carried out on 
medium lacking arginine, medium containing phloxine B to stain dead cells, and on 
non-selective medium. All plates lacked adenine to maintain the diploids. The growth 
of sim6+/sim6-86, and sim7+/sim7-149 was compared with growth of an isogenic wild 
type diploid strain. One of the sim7+/sim7-149 diploid strains grows faster on medium 
lacking arginine than the isogenic wild type diploid and also appears to be slightly 
growth impaired, suggesting that the sim7-149 mutation may be dominant.
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Fig. 6.5. Sensitivity to thiabendazole. The sensitivity of the sim7 mutants to the 
microtubule poison thiabendazole was assessed by carrying out a serial dilution 
assay on non-selective medium and medium containing lO^g/ml TBZ at 25°C. 
Unlike the siml and sim6 mutants, the sim7 mutants are not sensitive to this drug.
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medium containing 5-fluororotic acid, as ura4+ strains are unable to grow in the 
presence of this chemical.

Genomic DNA from the sim6 mutant had been digested with EcoRV and 
Stul, Southern blotted and probed to determine whether a genomic 
rearrangement had occurred which might have brought the ura4+ marker gene 
into a transcriptionally active region (section 5.4 and Fig. 5.4). The sim7 mutants 
were tested at the same time. As ura4+ at otr2 has not been fully characterised 
(Allshire, personal communication) it is hard to tell which repeat the ura4+ is in, 
but comparison of the sim7 mutants and wild type digests using a range of 
enzymes suggested there has been some kind of rearrangement in sim7-29, 

although this allele still displays silencing of ura4+ (Fig. 5.4). The mutants were 
also tested to determine whether arg3 + at the central core had undergone a 
genomic rearrangement which could have brought it into a transcriptionally 
active region. Southern blotting revealed that there has been no such 
rearrangement in the sim7 mutants (data not shown).

6.4. The sim7-149 mutation may have a dominant effect on viability and 
silencing

A heterozygous sim7+/sim7-149 diploid strain was constructed to test 
whether the mutation exerts a dominant effect on viability and silencing. 
Diploids were maintained by growth on medium lacking adenine as the parental 
haploid strains have different ade6 alleles, the gene products of which 
complement to allow growth of the diploid cells on plates without adenine. 
Growth of the sim7+/sim7-149 strain on medium lacking arginine, to assess central 
core silencing, and medium containing Phloxine B at 36°C, to assess viability, 
was compared with growth of an isogenic wild type diploid, a sim6+/sim6-86 

diploid, a wild type haploid, and the sim6-86 haploid strain (the sim7-149 haploid 
control was affected by contamination). This indicated that the sim7-149 mutation 
may be dominant with respect to both silencing at the central core and viability 
as the sim7+/sim7-149 diploid showed fast growth on medium lacking arginine
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and appears to be growth impaired at 36°C (Fig. 6.4). However, this must be 
repeated as one isolate tested only exhibited slightly faster growth on medium 
lacking arginine than the wild type diploid control. This may simply indicate 
that there has been cross-contamination, or, it is possible that one isolate had 
been kept on an agar plate for longer than the other isolate, and that the Sim7 
mutant protein is unstable and had degraded in that strain.

6.5. sim7-149 and sim7-202 are not sensitive to thiabendazole

sim7-149 and sim7-202 were tested for sensitivity to the microtubule 
poison thiabendazole (TBZ) as described for the siml and sim6 mutants. A serial 
dilution assay was carried out on medium containing TBZ and growth of the 
sz'mZ mutants compared with control strains (Fig. 6.5). The assay shows that, 
unlike the siml and sim6 mutants, the sim7 mutants are not sensitive to TBZ. This 
suggests that the sim7+ gene product is not involved in kinetochore-microtubule 
interactions.

6.6. The sim7 mutants exhibit defects in chromosome segregation

The szm7 mutants were identified by their alleviation of transcriptional 
silencing at the centromere, sim7 is thus predicted to encode a kinetochore 
component or regulator of kinetochore function. Mutations in siml may also 
result in chromosome segregation defects. The chromosome segregation 
phenotypes were investigated as for siml and sim6 by monitoring the rates of 
loss of a marked, non-essential, minichromosome and also by observing mis- 
segregation of endogenous chromosomes.

6.6.L Mis-segregation rates of endogenous chromosomes

The effect of mutations in sim7 on the segregation of endogenous 
chromosomes was assessed by immunofluorescence using an antibody against 
tubulin to stain microtubules in conjunction with DAPI staining of DNA. Mitotic 
cells grown at the permissive and restrictive temperatures were counted for sim7-
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Fig. 6.6.I. Chromosome segregation defects in the sim7-149 mutants.
Cells were immunostained with anti-TAT1 antibody (green) to visualise mitotic 
spindles, in conjunction with DAPI staining of DMA (red). Chromosome 
segregation defects are observed at a high frequency. Top: hyper-condensed 
chromosomes in a pro-metaphase cell.Upper middle; unequal segregation of 
DNA in a mid-anaphase cell. Lower middle: lagging chromosome in a mid- 
anaphase cell. Bottom; v-shaped spindle, indicating that the cell has failed to 
organise a bipolar spindle.



Strain

Wild type 
25°C

Wild type 
36°C

sim7-29
36°C

sim7-149
25°C

sim7-149
36°C

Hyper- 
condensed 
DMA

0.4% 
(2/509)

1.8% 
(11/580)

3.3%
(4/121)

1.0%
(1/100)

4.4%
(13/297)

Lagging 
chromosomes

0.6% 
(3/509)

0.7% 
(4/580)

3.3%
(4/121)

1.0%
(1/100)

4.7%
(14/297)

Unequal 
segregation 
of DNA

0.6% 
(3/509)

0.5% 
(3/580)

3.3%
(4/121)

3.0 %
(3/100)

6.4%
(19/297)

Table 6.6.L Chromosome mis-segregation frequencies in the sim7 
mutants. The percentage of mitotic cells exhibiting hyper-condensed DNA in 
prometaphase, and lagging chromosomes or unequal segregation of DNA in 
anaphase were counted for the sim7-149 and sim7-202 mutants and 
compared with the rates seen for a wild type strain. Both sim7 mutants show 
significantly higher rates of chromosome defects than the wild type control at 
the restrictive temperature. sim7-29 cells not counted at the permissive 
temperature due to time constraints.



Strain

Wild type

sim7-29

sim7-149

sim7-202

swi6A

Percentage loss 
per division at 

30°C

0% 
(0/5873)

0.4% 
(13/3679)

0.7% 
(26/3953)

0.3% 
(10/3389)

10.2% 
(537/5250)

Percentage loss 
per division at 

32°C

«0.1% 
(1/7120)

0.1% 
(5/4502)

0.1% 
(9/6931)

n/d

5.9% 
(175/2966)

Percentage loss 
per division at 

36°C

«0.1% 
(2/7491)

6.2% 
(36/578)

n/d

n/d

2.7% 
(254/9472)

Table 6.6.ii. Percentage loss rates of the minichromosome (Ch16) at the first 
division after plating. Loss rates of the sim7 mutants were determined at 30°C, 32 
°C and 36°C as described for sim6-86 and compared with those for a wild type strain 
and a strain bearing a deletion in the heterochromatin factor svw'6. n/d= not 
determined due to time constraints. The swi6 deletion strain is slightly cold-sensitive 
and thus shows a higher loss rate with decreasing temperature. The sim7-29 exhibits 
an elevated rate of loss at the restrictive temperature.



Novel kinetochore factors in fission yeast

29, sim7-149 and an isogenic wild type strain. Unequal segregation of DNA, 
hyper-condensed DNA and lagging chromosomes are all seen in the sim7-149 

mutant background, but at lower levels than the siml and sim6 mutants (Fig. 
3.4.ii and Table 3.4; Fig. 6.6.i. and Table 6.6.i). This suggests that the simT gene 
product is involved in multiple aspects of centromere-kinetochore function.

6.6.H. Rates of loss of a non-essential mini-chromosome

A half sector colony assay was carried out to determine the rates of loss of 
a marked non-essential mini-chromosome (Chl6) in the sim7 mutant 
background, as described for sim6-86 (5.7.ii, Allshire et al., 1995). Data indicate 
that rates of loss are much higher in sim7-29 than in wild-type at the restrictive 
temperature but lower than in the sim6-86 strain at 36°C and the swiBA strain at 

30°C (Table 6.6.ii). Minichromosome loss rates for sim7-149 and sim7-202 at 30°C 
indicate that these mutants also have a slighter higher loss rate than the wild 
type strain. Minichromosome lost rates at higher temperatures were not 
determined in these mutant due to time constraints. Together, these data suggest 
that the swn7+ gene product is required for accurate chromosome transmission 
through mitosis.

6.7. Attempts to identify the sim7+ gene

Attempts were made to clone the sim7* ORF by complementation as 
described for sim6+ . Cloning by complementation was carried out initially using 
the pDB genomic library (Beach et al., 2982). Plasmid DNA was isolated from 
colonies which were light pink on medium containing Phloxine B at 36°C, 

rescued into bacterial cells and sequenced. Two of the complementing plasmids 
were found to encode part of a chromosome II cosmid, which includes the cenp- 

a/cnpl + ORF. This encodes the fission yeast homologue of the human kinetochore 
specific histone H3 variant, CENP-A. This suggested that over-expression of 
CENP-A/Cnpl is able to rescue the temperature sensitivity of the sim7 mutant. A 
plasmid bearing the cenp-a/cnpT ORF was transformed into the sim7-149 mutant

Chapter 6; Characterisation of the sim'7 mutants 118



Non-selective -arg

Wild type 

sim7

sim7-149 + 
cenp-a/ cnpl +

Fig. 6.7. cenp-alcnp1+ is a multi-copy suppressor of the sim7 
mutation. A plasmid bearing the cenp-a/cnp1 + ORF was transformed 
into the sim7-149 mutant. Growth on medium lacking arginine was 
assessed by serial dilution assay to determine whether CENP-A/Cnp1 
over-expression re-imposes central core silencing. cenp-a/cnp1 + over- 
expression was found to partially re-impose central core silencing 
confirming that CENP-A/Cnp1 is a multi-copy suppressor of mutations 
in sim7.
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to determine whether it also re-imposes silencing at the central core. The CENP- 
A/Cnpl-expressing plasmid was found to partially re-impose central core 
silencing in the sim7-149 mutant, suggesting that cenp-a/cnpl + is a multi-copy 
suppressor of mutations in sim7, as sim? is not allelic to cenp-a/cnpl + (Fig. 6.7, 
Pidoux and Richardson, unpublished data). The other plasmids identified did 
not rescue the temperature sensitivity or re-impose silencing when re- 
transformed into the mutant background. Cloning by complementation of the 
DMSO-sensitivity did not yield any potential complementing clones. Cloning 
was also attempted using a second genomic library, the pALKS library described 
in section 5.9.i, however, no light pink colonies were seen on Phloxine B-medium 
at 36°C.

6.8. Testing whether the sim7 mutants are alleles of known centromere- 
kinetochore components

The sz'raZ mutants were also crossed into strains carrying tagged/marked 
versions of known kinetochore components to determine whether they are 
allelic. The progeny were analysed by random spore analysis. These crosses 
demonstrated that the sim7 mutants are not alleles of ndc80+, nuf2 +, mal2 + o r 
spc24+ . The sim7 mutants are also not alleles of mis6 or misll (Pidoux and 
Richardson, unpublished data).

6.9. Localisation of centromere-kinetochore components in the sim? 
mutants

The localisation of a range of centromere-kinetochore factors was analysed 
in the sim7 mutant background. As for sim6, proteins were tested from different 
putative sub-complexes within the kinetochore complex (see chapter 1 and Fig. 
1.8) in an attempt to determine where Sim7 might to act within the kinetochore. 
As with the other sim mutants, attention was initially directed at the localisation 
of the fission yeast CENP-A homologue Cnpl.
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wild type 
25 °C

wild type 
36°C

sim7-149 
25°C

sim7-149 
36°C

sim7-202 
25°C

sim7-202 
36°C

Fig. 6.9.L CENP-A/Cnp1 localisation is reduced in the sim7 mutant background 
at the restrictive temperature. Log phase cells were immunostained with anti-CENP- 
A/Cnp1 antibody (Kniola et al., 2001, red), TAT1 anti-tubulin antibody to visualise 
microtubules (green, not shown singly), and DAPI to stain DMA (blue). A single CENP- 
A/Cnp1 signal in the wild type strain at the restrictive temperature. A CENP-A/Cnp1 
spot is rarely seen in either sim7 mutant at the restrictive temperature, indicating that 
CENP-A/Cnp1 localisation is disrupted in the sim7 mutant background.



Wild type sim7-149
IP

otr
cnt 
fbp

cnt 6.61

IP
sim 7-202

T dH2OIP

25°C

1.04 3.04

otr
cnt 
fbp

cnt 4.43

36°C

2.40 4.20

25 36
temperature

Fig. 6.9.ii. CENP-A/Cnp1 shows reduced association with central core 
sequences in the sim7-149 and sim7-202 mutants by ChlP. a. Multiplex 
PCR analysis of ChlPs. Chromatin was immunoprecipitated with the a-CENP- 
A/Cnp1 antibody (Kniola et al., 2001). Multiplex PCR was carried out on input 
(lanes labeled "T") and immunoprecipitated DMA (lanes labeled "IP"), as 
described in Chapter 2.A blank control where no DMA was added is also shown 
(dH20). Ratios of PCR bands were determined as described previously, values 
for otr enrichment not shown as these values are less than 1. b. Quantification 
of ChlP PCR data. Central core sequences show reduced enrichment in the 
simJ mutants relative to the enrichment seen in the wild type strain. CENP- 
A/Cnp1 association was reproducible lower in the sim7-149 mutant.
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6.9.i. CENP-A/Cnp1 localisation is reduced in the sim7 mutant background 
by immunofluorescence

The localisation of endogenous CENP-A/Cnpl in the sim7 mutants was 
investigated initially by immunofluorescence. Cells were harvested from sim7- 

149, sim7-202 and wild type log phase cultures grown at the permissive and 
restrictive temperatures. Cells were fixed for a short period and stained with 
anti-CENP-A/Cnpl antibody (Kniola et al., 2001) and with an antibody against 
tubulin, TAT1, to visualise spindles. CENP-A/Cnpl staining is seen as a single 
spot in most wild type cells (Fig. 6.9.L). Interestingly, in sim7-149 and sim7-202 

cells, a CENP-A/Cnpl spot is rarely seen at the restrictive temperature, 
suggesting that CENP-A/Cnpl localisation is disrupted in the sim7 mutant 
background. This suggests that the simT gene product is required for efficient 
loading of CENP-A/Cnpl into centromeric DNA.

6.9.ii. CENP-A/Cnp1 association with the central core is slightly reduced in 
the sim7 background by chromatin immunoprecipitation

CENP-A/Cnpl localisation in the sz'raZ mutants was investigated further 
by carrying out ChIP analysis to assess the association of CENP-A / Cnpl with 
the central domain. ChIP was carried out on sim7-149, sim7-202 and wild type 
cells grown at the permissive and restrictive temperatures. Multiplex PCR was 
used to analyse immunoprecipitated chromatin ("IP" lanes in Fig. 6.9.ii) and 
input chromatin ("T" lanes in Fig. 6.9.ii). The multiplex PCR primers are 
designed to amplify sequences from the outer repeats (otr, top band) and central 
core (cnt, middle band) of cenl and a euchromatic control locus (fbp, bottom 
band). There is enrichment of the central core sequences in both sim7 mutants, 
however it is reduced relative to wild type (Fig. 6.9.ii). The sim7-149 mutant 
reproducibly showed a greater reduction in CENP-A/Cnpl association than the 

sim7-202 mutant.
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wild type sim7-29

Mis12-GFP

25°C 36°C 25°C 36°C

wild type sim7-149

b 
Nuf2-GFP

25°C 36°C 25°C 36°C

wild type sim 7-202

Sim4-GFP

25°C 36°C 25°C 36°C

Fig. 6.9.iii. Localisation of other kinetochore components in the sim? 
mutant background. Live sim7 mutant and wild type cells expressing a 
GFP-tagged versions of known kinetochore components grown at the 
permissive and restrictive temperatures were mounted as described in 
chapter 2. a. Localisation of Mis12-GFP is wild type in the sim7-29 mutant 
at both temperatures, b. Localisation of Nuf2-GFP is normal at both the 
restrictive and permissive temperatures in the sim7-149 mutant, c. Sim4- 
GFP shows normal localisation in the sim7-202 mutant at both 
temperatures.



sim4

sim6

cenp-a/cnp1

mis12

mad2A

sim7-149

SL

S—

SL

S-

+

Table. 6.10. Synthetic interactions of the sim7-149 mutant. The sim 7-149 
mutant was tested for synthetic interactions with sim4-193 (4536), sim6-86 (4467), 
sim2-76, an allele of cenp-a/cnp1 identified in the silencing screen (4461, Pidoux et 
al., 2003), mis12-537 (3828) and a strain with a deletion of mad2 (2021) SL, 
synthetically lethal; S--, S—, synthetic interaction, showing degree of impairment 
compared with the single mutants; +, no growth impairment compared with the 
single mutants. See text for more information.

sim7-149x
sim4-193 sim2-76 mis12-537 

/cnpl
mad2A

PD TTNPD TT PD NPD NPD

Fig. 6.10. Synthetic interactions of the sim7-149 mutant. The sim7-149 mutant 
was crossed with the sim6-86 mutation and mutations in known kinetochore factors. 
The resulting asci were separated by tetrad dissection and viability of the spores was 
tested at the restrictive temperature on YES-phloxine B medium, some examples of 
each are shown in the above figure. Colonies from a parental ditype ascus is shown 
for each cross (PD), to show how the parental, single mutant strains grow on the YES- 
phloxine B plates at 36°C. TT: tetratype, ascus with one double mutant (small, very 
dark pink colonies, or no growth seen), both parental single mutants (mid pink 
colonies), and the wild type recombinant strain (light pink colonies). NPD: non-parental 
ditype, ascus with two spores that are wild type recombinants, and two spores that are 
the double mutant recombinant. sim6-86xsim7-149 cross shown in Fig. 5.12.
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6.9.iii. Localisation of other known kinetochore components in the sim7 
mutants

The localisation of the kinetochore components Misl2, Sim4 and Nuf2 was 
investigated in sim7 mutant backgrounds to determine whether the mutations 
affected localisation of factors further away from the centromeric chromatin. 
Localisation was assessed in live cells expressing each individual protein tagged 
at the genomic locus with GFP (4411/2: sim7-29 Misl2GFP-LEU2+, Pidoux; 
6263/4: sim7-149 Nuf2GFP-KANR, this thesis; 6253/4: sim7-202 Sim4GFP-KANR, 
this thesis). These analyses indicate that Misl2-GFP localises normally in the 
sim7-29 mutant in cells grown at both the permissive and restrictive temperature 
(Fig. 6.9.iii. a). Nuf2-GFP and Sim4-GFP also show wild type localisation in the 
sim7-149 and sim7-202 mutants respectively at both temperatures (Fig. 6.9.iii. b 
and c). This suggests that the kinetochore is still able to form when CENP- 
A/Cnpl loading at the centromere is reduced.

6,10. Genetic interactions between sim7 mutants and mutations in 
centromere-kinetochore factors

Mutations in known kinetochore factors were crossed into the sim7-149 

mutant background and the progeny analysed by tetrad dissection to determine 
whether any of the mutants are synthetically lethal with sim7-149. Interestingly, 
this analysis found that sim7-149 is synthetically lethal with a mutation in cenp- 

a/cnpl, again suggesting that the Sim7 protein functionally interacts with CENP- 
A/Cnpl. The sim7-149 mutation was also found to be synthetically lethal with a 
Sim4 mutant, sim4-193, and the sim7misl2 double mutant grows much more 
slowly than either single mutant (Fig. 6.10, Table 6.10). The sim6sim7 double 
mutant grows more slowly than either single mutant. As for sim6-86, there does 
not appear to be any genetic interaction with deletions in two checkpoint 
components, bubl and mad2, suggesting that the errors caused by the sim7 

mutations are not detected by the spindle checkpoint.
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Discussion

This chapter describes the initial characterisation of the sim7 mutants. The 
three sim7 alleles identified in the silencing screen all exhibited growth defects 
and alleviation of silencing specifically at the central core of the centromere 
(Pidoux and Richardson, unpublished data). These data were confirmed, and the 
sensitivity of the sim7 mutants to the microtubule poison thiabendazole was 
investigated. Unlike the sim6-86 mutant, and some of the siml mutant alleles, the 
sim7-149 and sim7-202 mutants are not sensitive to thiabendazole, which suggests 
that the simT gene product is not involved in kinetochore-MT interactions. The 
siml mutants exhibit elevated rates of multiple forms of chromosome mis- 
segregation and of loss of a non-essential minichromosome. Together these data 
suggest that the simT gene product is required for proper centromere- 
kinetochore function. Unfortunately, attempts to clone simT were unsuccessful 
during this project. In the future, cloning may be attempted by complementation 
of the siml mutant in a double mutant background, for example in the sim6sim7 

double mutant, as the temperature sensitivity of the sim7 single mutant is 
relatively weak. The synthetic interaction between the sim6 and siml mutants 
makes the colonies darker on Phloxine B medium, and thus complementing 
plasmids would be more easily detected..

Interestingly, a plasmid bearing the cenp-a/cnpl + ORF was found to be a 
multi-copy suppressor of the siml mutant phenotype. Furthermore, a double 
mutant combination between mutants in siml and in cenp-a/cnpl was 
synthetically lethal. These genetic analyses suggest that the simT gene product 
functionally interacts with CENP-A/Cnpl. This observation that the siml 

mutants are not sensitive to thiabendazole supports this idea as cenp-a/cnpl 

mutations also do not cause TBZ sensitivity. Furthermore, CENP-A/Cnpl 
localisation is reduced in the sim7-149 and sim7-202 mutants at the restrictive 
temperature in immunofluorescence experiments, suggesting that the simT gene 
product may be required for the efficient loading of CENP-A/Cnpl at the 
centromere. In ChIP experiments, CENP-A/Cnpl was found reproducibly to
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show only slightly reduced localisation in the sim7-202 mutant, although a 
stronger reduction was seen in the sim7-149 mutant. This discrepancy between 
immunofluorescence and ChIP data has been reported for other proteins (Ekwall 
et al., 1999; Chapter 3; and Dunleavy, Portoso and Schramke, personal 
communications). This indicates that CENP-A/Cnpl can still be loaded at the 
centromere in the sim? mutant background, but the process is defective to some 
extent. Many mutations that affect centromere-kinetochore factors also result in 
reduced CENP-A/Cnpl association with the central domain, which can be 
interpreted in several ways. One possibility is that many proteins are required to 
direct CENP-A/Cnpl to the central domain, and this may also require the 
activity of chromatin remodelling factors if histone H3 is initially deposited in S 
phase and must then be replaced by CENP-A/Cnpl. Alternatively, a functional 
kinetoehore may mark the site of CENP-A/Cnpl deposition to ensure that 
CENP-A / Cnpl is only loaded at active centromeres. Thus any mutation affecting 
kinetoehore function could result in decreased CENP-A/Cnpl incorporation. 
Another possibility is that the sim7+ gene product is involved in regulating the 
expression of CENP-A/Cnpl throughout the cell cycle. Fission yeast CENP- 
A/Cnpl expression peaks in early S phase (Takahashi et al., 2000), and it 
possible that the Sim7 protein is required for this. This could be investigated in 
the future, for example, by observing CENP-A/Cnpl levels throughout the cell 
cycle in sim7 mutants by Western blotting. Live cell analyses show that the 
localisation of Misl2-GFP, Nuf2-GFP and Sim4-GFP is normal in the sim? 

mutants, indicating that kinetoehore formation is unaffected by the mutations in 

sim7.
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Chapter 7: Discussion and future perspectives

7.1. Overview

Fission yeast centromeres consists of two distinct domains; the central 
domain, comprising the central core and inner repeats, and the outer flanking 
repeat region. The central domain is subject to relatively weak transcriptional 
silencing, whereas the outer repeats are strongly silenced. The chromatin 
structure of the central domain appears to differ from that of the rest of the 
genome as it produces a smear pattern upon limited digestion with micrococcal 
nuclease rather than the usual 146 bp ladder pattern seen for bulk chromatin 
(Fig. 1.6, Polizzi and Clarke, 1991; Takahashi et al., 1992). This may reflect the fact 
that central domain chromatin is assembled in nucleosomes in which the histone 
H3 is replaced with a centromere-specific histone H3 variant, CENP-A/Cnpl. 
One possibility is that DNA wrapped around CENP-A/Cnpl-containing 
nucleosomes is more accessible to the micrococcal nuclease. Another possibility 
is that CENP-A/Cnpl-nucleosomes are not regularly spaced like the H3- 
nucleosomes that package bulk chromatin.

The assembly of CENP-A into chromatin does not appear to be strictly 
DNA sequence-dependent in most systems analysed (Sullivan et al., 2001). This 
suggests that sites of CENP-A assembly are dictated and propagated by an 
epigenetically regulated process. For example, in human cells the kinetoehore 
assembles at a specific position within a long tandem array of identical repetitive 
sequences (Spence et al, 2002). Despite much progress in identifying new 
kinetoehore components and in characterising specific interactions and sub- 
complexes (Cheeseman et al., 2002a; De Wulf, 2003; McAinsh et al., 2003; 
Nekrasov et al., 2003), it remains unclear how the site of CENP-A assembly is 
first chosen and then propagated. This, a major challenge in centromere research 
is to understand the process by which CENP-A deposition is mediated. One 
possibility is that there is a CENP-A-specific loading factor or a factor that
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recognises the H3 nucleosomes that lie adjacent to CENP-A nucleosomes and 
these are then replaced or remodelled by the activity of the CENP-A loader 
(Sullivan, 2001). The central core component Mis6 is required during Gl/S for 
CENP-A/Cnpl loading in fission yeast (Takahashi et al., 2000), however, Mis6 
homologues in other organisms do not appear to play the same role (Measday et 

al., 2002; Nishihashi et al., 2002). Another possibility is that CENP-A synthesis is 
timed to coincide with the replication of centromeres, however, studies in human 
and D. melanogaster cells have found that CENP-A targeting can be uncoupled 
from replication (Ahmad and Henikoff, 2001; Blower et al., 2002). A further 

model is that the site of CENP-A assembly is stochastically chosen based on a 
particular chromatin environment (for example, heterochromatic), and, once 

deposited, the assembly of a functional kinetochore ensures the propagation of 
CENP-A assembly at that site (Mellone and Allshire, 2003). This model is 
inherently satisfying as such a process would ensure that CENP-A is only then 
incorporated at the site of kinetochore activity (proper microtubule attachment) 
but the model also allows room for plasticity since a defective centromere would 
eventually fade out as a site of kinetochore assembly. This model is consistent 
with observations that mutations in many centromere-kinetochore factors result 
in decreased CENP-A association with centromeres (Chen et al., 2003; Pidoux et 

al., 2003; Takahashi et al., 2000; Monet, Dunleavy and Pidoux, unpublished, and 

this study).

The outer repeats are packaged with histone HS-containing nucleosomes 

but are also distinct from bulk chromatin in that histones H3 and H4 are under- 
acetylated. In addition, histone H3 in the outer repeat regions is methylated on 

lysine 9 by the histone methyltransferase Clr4 (Bannister et al., 2001; Nakayama 
et al., 2001). This methylation is required for the recruitment of the S. pombe 

heterochromatin protein, Swi6 (Nakayama et al., 2001), which is in turn required 
for the recruitment of the S. pombe cohesin subunit Rad21 (Bernard et al., 2001; 
Nonaka et al., 2002). Intriguingly, recent studies have implicated the RNAi 
machinery in the establishment of heterochromatin at the fission yeast outer 

repeats (reviewed in Dernburg and Karpen, 2002; Schramke and Allshire, 2004).
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At least at fission yeast centromeres, it is possible that this Swi6-dependent silent 
chromatin may act to provide a suitable environment to attract factors that 
mediate CENP-A/Cnpl deposition and kinetoehore assembly over the 
intervening central core domain. The sim mutant screen was undertaken because 
it was reasoned that mutants defective in central domain silencing may pinpoint 

factors required for CENP-A assembly mechanism rather than merely identify 
additional kinetoehore components. This approach was validated by the fact that 
three mutants examined were alleles of CENP-A/Cnpl itself (Pidoux et al., 
2003). The siml, sim6 and siml mutants were also identified in the screen but had 
not been examined in great detail (Pidoux et al., 2003; Pidoux, unpublished). It 
had been established that all three mutants alleviate central domain silencing, 
and that the sim6-86 mutation also affects outer repeat silencing (Pidoux et al., 
2003; Pidoux, unpublished). In addition, the siml + gene had been cloned by 
complementation (Richardson and Pidoux, unpublished work in collaboration 
with the Sanger Centre). I set out to further characterise siml phenotypes and 
also investigate the role of the Siml protein. In addition I initiated a more 
detailed analysis of sim6 and sim7. My overall aim was to provide insight into the 
mechanism of CENP-A/Cnpl deposition and also to increase our understanding 
of centromere-kinetochore function by the identification of new components.

7.2. Siml

In the original screen, eleven mutations were identified that were assigned 
to the same complementation group, simT (Pidoux et al., 2003). In this study I 
confirmed that these mutants alleviate silencing specifically at the central core of 
the centromere: silencing at the outer repeats, mating type loci and telomeres 

remains intact. The siml alleles exhibit varying degrees of viability and 
sensitivity to the microtubule destabilising drug TBZ. The viability defects and 

thiabendazole sensitivity were found to correlate. Sequencing of the mutants 
revealed that six of the mutants fell into two mutation groups. Mutants within 

these groups showed similar temperature and TBZ sensitivity, with one group 
being more severe than the other. So, it may simply be that different mutations
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make the Siml protein generally less stable/active, or the mutations may affect 

interactions with another protein, depending on where they are in Siml. This 

could make Siml association with the kinetochore or microtubules less stable for 

example.

Distinct types of chromosome segregation defects were quantified in the 

siml-15 mutant. The most frequent defect observed was hyper-condensed DNA 

in pro-metaphase cells (13.8% at the restrictive temperature), however, unequal 

segregation of DNA and lagging chromosomes were also seen in a high 

proportion of cells (10.7% and 8.2% respectively at the restrictive temperature). 

V-shaped spindles were also occasionally observed. The presence of lagging 

chromosomes may result from the kinetochore of a single chromatid attaching to 

microtubules from both spindle poles (merotely) indicating that there is a defect 

in kinetochore-MT interactions. Analysis of some outer repeat mutants indicates 

that lagging chromosomes are in 97% of cases separated single chromatids, and 

that their kinetochores are frequently stretched, suggesting merotelic orientation 

(Pidoux et al., 2000; and Pidoux, unpublished data). Alternatively, lagging 

chromosomes may be completely detached from the spindle. Further analysis of 

siml-15 should include FISH to determine to determine whether the laggards are 

single chromatids or conjoined sisters. If the laggards are paired sister 

chromatids, this could indicate that there is a defect in the release of cohesion in 

the siml mutant background. Live analysis should also be performed to 

determine the fate of these lagging chromosomes. If they remain in the midzone 

it would indicate that they are no longer attached to the spindle microtubules, 

whereas if they move towards one pole and the kinetochore appears stretched, it 

would suggest merotelic attachment. A high proportion of cells exhibited 

unequal segregation of DNA, indicating that there may be a defect in 

biorientation in these cells, resulting in both sisters in a pair segregating to the 

same pole. Alternatively, this could also be explained by a defect in cohesion and 

random segregation of the paired chromatids. A significant percentage of pro- 

metaphase cells contained hyper-condensed chromatin, indicative of a mitotic 

delay, which may result from the chromosomes failing to attach to the spindle. A
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smaller number of cells had V-shaped spindles, which may reflect that the 

spindle collapses in the absence of biorientated kinetochores, i.e., there may be a 

requirement for symmetrical pushing and pulling forces to ensure a bipolar 

spindle.

The kinetoehore is thought to form over the central centromeric domain, 

so strains with mutations in central domain factors, resulting in the 

destabilisation of the kinetoehore complex, might be expected to be hyper 

sensitive to the additional kinetochore-MT attachment problems thought to be 

caused by the MT poison thiabendazole (TBZ). However, strains with deletions 

or mutations in outer repeat factors such as Swi6 and Clr4, are highly sensitive to 

TBZ (Ekwall et al., 1999; Ekwall et al., 1996). Even thought the central domain 

may be the site of the assembly of the kinetoehore complex and thus microtubule 

binding, outer repeat heterochromatin/cohesin may be required for structural 

integrity, to ensure co-ordination of microtubule binding sites so that all face the 

same way. Strains with mutations in central domain components fall into two 

classes. Strains with mutations in the central domain components Mis6 and 

CENP-A/Cnpl are not hyper-sensitive to TBZ, and also show unequal 

segregation of DNA, which has been reported to be indicative of a biorientation 

defect, but lower levels of lagging chromosomes, suggesting that kinetochore-MT 

attachments are robust (Takahashi et al 1994; Saitoh et al., 1997). However some 

mutants with alleviated central core silencing, such as sim4, are hyper-sensitive 

to TBZ (Pidoux et al., 2003). sim4 cells exhibit lagging chromosomes as well as 

unequal segregation of DNA, suggesting that there may be a defect in 

kinetochore-MT attachments. The proportion of cells with lagging chromosomes 

was only quantified in the siml-15 mutant, but it would be informative to 

determine whether rates of lagging chromosomes correlate with TBZ-sensitivity 

among the siml mutants.

It is possible that Siml affects CENP-A/Cnpl assembly and thus 

participates in the important process of CENP-A/Cnpl deposition specifically at
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the centromeres. Examination of CENP-A/Cnpl localisation in two of the siml 

mutants indicated that CENP-A/Cnpl localisation is very reduced by 

immunofluorescence and localisation is reduced even at the permissive 

temperature. Interestingly, ChIP analysis of the same strains with anti- 

CENPA/Cnpl antisera found that central core sequences were enriched in siml- 

15, although enrichment was reduced relative to the wild type control. However, 

in siml-106, enrichment is more strongly reduced, even at the permissive 

temperature. The siml-106 mutant is more strongly temperature sensitive than 

the siml-15 mutant, and is hyper-sensitive to microtubule destabilising drugs, 

whereas siml-15 is less sensitive. A reasonable explanation is that some CENP- 

A/Cnpl can still be loaded correctly at the central domain in siml-15, but 

because of the reduced amount it can not be easily detected by 

immunolocalisation. This could reflect inefficient delivery or deposition of 

CENP-A/Cnpl at centromeres, or inefficient remodelling of nucleosomes. In 

siml-106 cells, CENP-A/Cnpl association also appears highly reduced by ChIP, 

suggesting that loading of CENP-A/Cnpl at the central domain is also defective 

in this mutant. If CENP-A/Cnpl is not loaded correctly, the kinetochore would 

fail to form correctly, and so the cells would be sensitive to microtubule poisons. 

Alternatively, if kinetochore formation specifies the site of CENP-A/Cnpl 

incorporation into nucleosomes (Mellone and Allshire, 2003), this result may 

suggest that Siml is a core kinetochore component, disruption of which 

destabilises the kinetochore complex. This discrepancy between the 

immunofluorescence and the ChIP data was also seen for the sim7 mutants, and 

has also been reported in experiments on strains with mutations in outer repeat 

factors, csp7 to 13 (Ekwall et al., 1999; Schramke et al., 2003). In ChIP 

experiments, no Swi6 could be detected at the outer repeats of the mutant strain, 

however, Swi6 could still be detected at the centromeres by immunostaining 

with an anti-Swi6 antibody (Portoso and Schramke, personal communication). A 

possible explanation is that ChIP is more sensitive for the detection of proteins 

that are closely associated with the DNA, such as CENP-A/Cnpl, but the 

detection of a chromatin-associated protein by ChIP may be sensitive to the 

destabilisation of the structure by mutants such as csp7 to 13. Swi6 may be able to 

loosely bind heterochromatin, and thus be visible by immunolocalisation, but not
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be bound tightly to methylated lysine 9 of histone H3 and therefore can not be 
detected by ChlP.

Sequence analysis of the siml + revealed weak similarity to Scm3, an 
S.cerevisiae protein required for accurate chromosome segregation. Over- 

expression of Scm3 suppresses mutations in CENP-A/Cse4. Similarly, siml is 
rescued by over-expression of CENP-A/Cnpl (Pidoux et al., 2003). In addition, 
Scm3 displays similarity to Napl, a budding yeast nucleosomal assembly factor 
also required for the nuclear import of histones H2A and H2B 
(http:/ /db.yeastgenome.org/cgi-bin/SGD/locus.pl?locus=scm3; Ishimi et al., 
1983; Ishimi et al., 1984; Mosammaparast et al., 2002). This suggests that Scm3 
may be involved in CENP-A/Cse4 loading or function. As Siml is required for 
CENP-A/Cnpl localisation I investigated whether Siml and Cnpl interact 
genetically and physically. Such an interaction would support the idea that Siml 
is involved in loading CENP-A/Cnpl. Attempts were made to detect a Siml- 
CENP-A/Cnpl interaction using a yeast 2-hybrid system (Gateway™ 2-hybrid 
system). However, no positive read out could be detected and the assay was 

hampered by the fact that the simT construct self-activated, so that it could not 
be reciprocally tested or used to screen a 2-hybrid library (data not shown). 
However, the development of an immunoprecipitation assay using a strain with 
Siml tagged with GFP and CENP-A/Cnpl tagged with three copies of the Myc 
epitope at their endogenous loci revealed that Siml and CENP-A/Cnpl are in a 
complex together. This is consistent with the idea that Siml is required for 
CENP-A/Cnpl loading at the centromere. Preliminary experiments using the 
Siml-GST construct expressed in cells to pull down various kinetochore factors 

(tagged at their endogenous loci with GFP) did not detect any interactions of 
Siml-GST with Sim4-GFP, Nuf2-GFP, Cnp3-GFP or Misl2-GFP (data not shown). 
These data need to be confirmed. The co-immunoprecipitation of Siml with 
CENP-A/Cnpl has recently been investigated further to determine if this is a 

direct physical interaction. Radiolabelled Siml is pulled down by GST-CENP- 

A/Cnpl and GST-histone H4, but not GST alone, or GST-histone H3, in in vitro 

pulldown experiments (Abbott and Pidoux, unpublished data). Related to this,

130



Novel kmetoehore factors in fission .

recent analysis of one of the other sim gene products, Sim3, has shown that it 
interacts specifically with CENP-A/Cnpl-GST in an in vitro pulldown (A. 
Pidoux, E. Dunleavy, unpublished). Sim3 has similarity to X. laevis N1/N2, 
which functions as a chaperone for histones H3 and H4 (Philpott et al., 2000) and 
also with the mammalian protein NASP (Richardson et al., 2000), which interacts 
with histone HI. As Sim3 shows localisation throughout the nucleus (Monet and 
Pidoux, unpublished observations) and has been shown to bind CENP-A/Cnpl, 
an attractive hypothesis is that Sim3 may bind CENP-A/Cnpl in the 
nucleoplasm and function as a chaperone until CENP-A/Cnpl is incorporated 
into centromeric nucleosomes by Siml at kinetochores. Attempts are being made 
to determine if Siml and Sim3 are associated in the same protein complex or if 
they interact physically in a direct manner. Alternatively, Siml could act in a 
remodelling complex that recognises histone H3 nucleosomes at the centromeres 
and replace histone H3 with CENP-A/Cnpl within these nucleosomes. The 
involvement of Siml in CENP-A/Cnpl deposition, and hence in centromere 
specification is clearly worthy of further investigation.

The sim6-86 mutant

Phenotypic characterisation was also performed on the sim6-86 mutant 
identified in the silencing screen. The mutation alleviates transcriptional 
repression at the central core and outer repeat regions of the centromere, while 
silencing at the telomeres and mating type loci remains intact (Pidoux, 
unpublished data, and Chapter 5). The sim6-86 mutation is of special interest as 
no other mutant identified in the silencing screen alleviated silencing at both the 
central domain and the outer repeats of the centromere. It is known that a 
functional yeast centromere requires at least one flanking otr repeat and a central 
domain (inner repeats, imr, plus the central core, cc, Baum et al., 1994). 
Constructs retaining only the inner repeats, imr, and central core, cc, fragments, 
or retaining only the inner repeats, imr, and the outer repeat fragments, are 
unable to establish functional centromeres when transformed into fission yeast as 
naked DNA (Baum et al., 1994; Ngan and Clarke, 1997). Relatively small,
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functional, circular minichromosome constructs such as CM3112 (Matsumoto et 

al., 1990, which contains the outer repeats and central domain of centromere III), 
are rendered essentially non-functional in a dr4 or swi6 deletion background 

(Allshire et al., 1995). In addition, CENP-A/Cnpl has been shown to assemble on 
sequences other than bona fide central core DNA (Mellone, unpublished) and 

thus central core sequences alone can not. trigger kinetochore assembly. The 
sim6-86 mutant is also sensitive to the microtubule-destabilising drug, 

thiabendazole (TBZ). As discussed previously, strains with mutations in outer 
repeat components such as Swi6 and Clr4 are sensitive to TBZ (Ekwall et al., 

1999; Ekwall et al., 1996). TBZ is predicted to be most toxic to strains in which the 

kinetochore is defective in microtubule interactions. As the kinetochore is 

thought to form over central domain chromatin the observation that outer repeat 
mutants could be sensitive while certain central domain mutants such as mis6 

mutants are insensitive was initially counter-intuitive. Our hypothesis is that the 

outer repeats are responsible for forming a structure such as a loop, which results 

in the central domain and associated kinetochore being made more accessible to 
spindle microtubules. The environment provided by the heterochromatin may 

also promote CENP-A/Cnpl chromatin and thus kinetochore assembly over 
adjacent central core, or other, DNA. A rigid structure would also discourage 

merotelic attachment of kinetochores by orientating the kinetochore domain and 
microtubule binding sites to one and the same pole. This is consistent with the 

observation that strains with mutations that result in TBZ-sensitivity are also 
found to have high rates of lagging chromosomes. It is possible that the Sim6 

protein contributes to the architecture of the centromere-kinetochore complex, 

perhaps co-ordinating the structure formed between the central domain and 

outer repeats. This gene product could highlight a fundamental link between 
heterochromatin and the kinetochore. Recent unpublished work indicates that 

the outer repeats on the left and right sides of the centromere (approximately 40 

kb apart) physically interact in fission yeast (Sourvinos, personal 

communication). This interaction is lost in strains with mutations in 

heterochromatin or cohesion components. Obviously, it would now be very 

interesting to determine whether the outer repeats still interact in the sim6-86 

mutant. 
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The sim6-86 mutation causes intermediate alleviation of transcriptional 
silencing of marker genes inserted within the outer repeats, compared with the 
more complete alleviation resulting from defects in known outer repeat 
components such as Clr4. A swi6 deletion strain also displays intermediate 
silencing but more alleviation than the sim6-86 mutant. There is no variegation 
seen in the level of silencing, as there is in a strain with a deletion of epel/tis2, 

which encodes a protein that is thought to be involved in mediating the stability 
of heterochromatin, but which is not required for the establishment of 
heterochromatic regions (Ayoub et al., 2003; Mine, personal communication). It 
would also be interesting to investigate whether the partial alleviation of outer 
repeat silencing detected in the sim6-86 mutant reflects that particular mutation 
and whether other alleles, or a deletion of sim6+, would exhibit total alleviation of 
silencing of marker genes inserted into this region. A recent screen to specifically 
isolate mutants which alleviate both This may aid cloning of the sim6+ gene.

The sim6-86 mutant displays elevated levels of chromosome segregation 
defects of both endogenous chromosomes and of a minichromosome. The 
mutant exhibits multiple forms of chromosome segregation defect, particularly 
unequal segregation of DNA (7.6% at 36°C), but lagging chromosomes and hyper 
condensed DNA in pro-metaphase cells are also seen (5.1% and 4.0% at 36°C 
respectively). Cultures grown at the semi-permissive temperature also contain a 
high proportion (approximately 10-20%) of abnormally long cells. This long cell 
phenotype could be investigated further using FACS analysis as it may indicate 
that there is a cell cycle block or delay, most likely at G2/M, or possibly Gl. This 
could reflect DNA damage due to excessive tension on a "fragile" kinetochore, 
which could be investigated by determining whether there are synthetic 
interactions with DNA damage checkpoint components. Interestingly, a strain 
with a mutation in cdc5, a splicing factor required for cell-cycle progression, also 
displays the long cell phenotype and alleviation of silencing at the central 
domain and outer repeats (Schramke, unpublished data). The cdc5 mutant also 
displays alleviation of silencing at the mating type loci (Schramke, unpublished
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data). sim6-86 was tested for allelism with cdc5 and found not to be allelic, 
however, the two mutations were found to be linked (Dunleavy, personal 
communication). The sim6-86 allele had previously been mapped to chromosome 

I (this thesis) and the discovery that it is linked to a mutation of known position 
will help the identification of sim6+ . Alternatively genetic mapping could be 

continued in the swi5 mutant background. The swi5 mutation suppresses meiotic 
recombination and thus would aid mapping (Schmidt et al., 1993). A plasmid 
was identified that may bear an extragenic suppressor of sim6-86. The insert 
included the ORF for the protein kinase Wisl. Wisl is a regulator of mitosis, and 
mutations in wisl also result in a long-cell phenotype. In the future, it could be 
tested whether over-expression of Wisl rescues the long cell phenotype of sim6- 

86.

All heterochromatin and kinetochore components examined to date 
displayed normal localisation in the sim6-86 mutant at the restrictive 
temperature. The localisation of the centromere-specific histone, CENP-A/Cnpl, 
central core components Mis6, Misl2 and Cnp3 (the fission yeast CENP-A 

homologue, Pidoux and Richardson unpublished observations, data not shown), 
and the heterochromatin protein Swi6 were identical in sim6-86 and wild type 

cells. This could suggest that Sim6 may function in an outer kinetochore 
complex, distal to these factors or performing a different function. This is 
consistent with the idea that Sim6 may be involved in co-ordinating centromere- 
kinetochore architecture, and the sira6-86 mutation does not disrupt the 
localisation of specific proteins but does disrupt the overall structure. If the 
mutant protein is still present it may be able to maintain interactions with other 

proteins. This will be investigated once sim6+ has been cloned by expressing it 
under the control of the repressible nmt promoter, or by germinating sim6A 

spores to look in the absence of Sim6 protein.

Histone H3 Lysine 9 methylation is reduced in the sim6-86 mutant 
background, consistent with the partial alleviation of silencing of marker genes
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inserted at the outer repeats. As K9 methylation provides a binding site for the 
heterochromatin factor Swi6, disruption of Swi6 might be expected. However, 
Swi6-GFP appears to localise as normal in sim6-86 cells. The same phenotype is 
seen in the csp7 to 13 mutants, where Swi6-GFP shows normal localisation 
cytologically but Swi6 at the outer repeats is lost by chromatin IP, as is 
methylation of K9 of histone H3 (Ekwall et al., 1999; Volpe et al., 2003). It is 
possible that Swi6 can associate with chromatin but does not bind stably, 
resulting in intermediate silencing of outer repeat chromatin. The hinge region of 
Swi6 is enables RNA binding, and it is possible that Swi6 may be recruited to the 
outer repeats both by an interaction with methylated K9 and RNA, and that both 
are required for stable association. It has recently been shown that there is an 
RNA- and histone modification-dependent higher order structure that is 
required for the accumulation of HPl/Swi6 at the outer repeats (Maison et al., 
2002). It is possible that for the Swi6 association to be detected by ChIP, the 
interaction needs to be stable. This could be further investigated by examining 
the localisation of Swi6 under different extraction conditions and by ChIP in the 
sim6-86 mutant.

7.4. The sim7 mutants

The three sim7 mutants isolated in the silencing screen specifically 
alleviate silencing at the central core of the centromere (Pidoux and Richardson, 
unpublished data, and Chapter 6). The sim7 mutants exhibit growth defects and 
mis-segregation of endogenous chromosomes and a minichromosome. Multiple 
forms of segregation defects are seen, suggesting that the szm7+ gene product 
plays a general role in chromosome transmission through mitosis. The sim7 

mutants are not sensitive to the MT-destabilising drug, thiabendazole, 
suggesting that the Sim7 protein is not involved in kinetochore-MT interactions, 
although mutants exhibit elevated rates of lagging chromosomes at the 
restrictive temperature, which could indicate that there are defects in 
kinetochore-MT attachments.
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Attempts to clone the sim? gene were unsuccessful, however, cenp- 

alcnpT was identified as a multicopy suppressor of the sim? mutant. 
Furthermore, the sim7cenp-a/cnpl double mutant combination was found to be 
synthetically lethal, suggesting that the two proteins interact functionally. 

Interestingly, CENP-A/Cnpl localisation is reduced in the sim7 mutant 

background at the restrictive temperature by immunolocalisation and by 
chromatin IP. If the sim7 mutations result in a defect in CENP-A/Cnpl loading, a 

higher concentration of CENP-A/Cnpl might shift the equilibrium towards 

loading, thus rescuing the sim7 phenotype. CENP-A/Cnpl over-expression also 

rescues other sim mutant (Pidoux et al., 2003). This could be because all 
kinetochore mutants have reduced CENP-A/Cnpl levels, or it could be due to a 

specific loading defect. It is also possible that Sim7 is required for the proper 
expression of CENP-A/Cnpl, but is not required for loading the protein at the 

centromere, hence CENP-A/Cnpl centromeric association can be detected by 
ChIP but is rarely seen by immunofluorescence at the restrictive temperature. 

This hypothesis could be investigated by Northern analysis of CENP-A/Cnpl 
expression levels throughout the cell cycle in wild type and sim7 mutant strains. 

The cenp-ajcnpT promoter contains an MCB sequence (for Mlul cell cycle box). 
This is a short sequence which is a recognition site for the Mlul restriction 

enzyme. It is found in the upstream regions of genes that are expressed at the 
Gl/S interval, such as the DNA-synthesis gene cdc22 + (Lowndes et al., 1992). It is 

recognised by a transcription factor complex named DSCI, for DNA synthesis 

control (Caligiuri and Beach, 1993; Lowndes et al., 1992; Miyamoto et al., 1994; 

Nakashima et al., 1995; Sugiyama et al., 1994; Zhu et al., 1994). It is possible that 

the sim7 mutations are alleles of one of the DSCI complex components. This 

could be investigated in the future by random spore analysis if there are alleles of 

these factors which can be followed in genetic crosses.
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7.5. Future perspectives

The centromeres of fission yeast are a good model for those of higher 

organisms as they are relatively complex, bind multiple microtubules, include 

heterochromatic, transcriptionally silent, regions, and are epigenetically 

regulated. Fission yeast is also genetically tractable. The silencing screen carried 

out by Pidoux et al. (2003) has proved to be a powerful tool for identifying novel 

kinetoehore components/regulators. The fission yeast CENP-A homologue was 

identified in the screen, and also a novel kinetoehore component, Sim4 (Pidoux et 

al., 2003). Sim3, also identified in the screen, has recently been shown to interact 

with CENP-A/Cnpl (Pidoux and Dunleavy, unpublished). Another factor 

identified in the screen, Siml, has been found to be required for CENP-A/Cnpl 

loading and Siml and CENP-A/Cnpl have been shown to co-immunoprecipitate 

(this thesis). As Siml has potential homologues in N. crassa and A. nidulans, it 

will be worth investigating the role of Siml in CENP-A/Cnpl incorporation and 

whether homologues of Siml can be identified by bioinformatics in higher 

organisms. The functional and physical interactions between Siml, Sim3 and 

CENP-A/Cnpl will be investigated further.

Another of the mutants identified in the silencing screen, sim6-86, may 

play a role in co-ordinating the architecture of the outer repeats and central 

domain. Unusually, the sim.6-86 mutation results in alleviation of both central
domain and outer ro"oaf ciiemrino- alfh™i°4i transrrintional repression at other

(•orhorp t.vtors \n fiK-v; A
heterochromatic loci is unaffected. Histone H3 lysine 9 methylation is reduced in 

this mutant, although localisation of the heterochromatin factor, Swi6, appears to 

be unaffected by immunolocalisation. This needs to be investigated further. 

Finally, mutations in sz'ra/ were found to result in reduced association of CENP- 

A/Cnpl with the centromere and they also show genetic interactions with cenp- 

a/cnpl suggesting that the szra7+ gene product functionally interacts with CENP- 

A/Cnpl. The possibility that the sim7+ gene product is involved in regulating the 

expression of CENP-A/Cnpl throughout the cell cycle will be a target of future 

investigation.
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Overall, the approach of identifying centromere-kinetochore factors by 
using a silencing screen has proved successful. All three mutants discussed in 
this thesis will provide insight into centromere-kinetochore function in fission 

yeast and in other organisms.
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Appendix A: Primers used

Oligonucleotides were from MWG Biotech-AG. Stocks were made at 100 juM in 
TE and stored at -20°C Working solutions were at 10 jxM in I/10th TE and stored 
at -20°C.

Name Sequence (5'-3') Description

WA048 TGACAAGTGTTGGCCATG Reverse primer to test 
Siml-GFP genomic tag

WA022 TAG TAG GGT ACC TGT AAT GAA 

ACT ATA CCC TC

Forward primer for 
cloning simT into PDM 
084

WA023 TAG TAG TGA GTC GAG ACA TTT 
TTT TGA CTC AGA AAT GC

Reverse primer for 
cloning siml + into PDM 
084

WA018 GAG GGG ATG AAA AAT CCC AT Forward primer to 
check ura4+

WA019 TTC GAC AAC AGG ATT ACG ACC Forward primer to 
check ura4+

Forward primer with 
attB site to clone simT 
into the Gateway™ 
entry vector 
(Invitrogen)

J1989 GGG GAC AAG TTT GTA CAA AAA 
AGC AGG CTG CAT GTG CAA TCG 
TCA ACC GAA AG
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WA026 AATGACAATTCCCCACTAGCC Forward ftp primer 
used in multiplex ChIP 
PCR analysis

WA027 ACTTCAGCTAGGATTCACCTGG Reverse ftp primer 
used in multiplex ChIP 
PCR analysis

WA031 AACAATAAACACGAATGCCTC Forward cnt primer 
used in ChIP multiplex 
PCR analysis

WA032 ATAGTACCATGCGATTGTCTG Reverse cnt primer 
used in ChIP multiplex 
PCR analysis

WA033 CACATCATCGTCGTACTACAT Forward otr primer 
used in ChIP multiplex 
PCR analysis

WA034 GATATCATCTATATTTAATGACTACT Reverse otr primer used 
in ChIP multiplex PCR 
analysis

J1997

11968

GGG GAC CAC TTT GTA CAA GAA 
AGC TGG GTC ACA TTT TTT TGA 

CTC AGA AAT GC

Reverse primer with 
attB site to clone simT 
into the Gateway™ 
entry vector

TAC TAC GAA TTC ATG TGC AAT 

CGT CAA CCG AAA G

Forward primer, with 
BamHl site for cloning 
si'm 2 into pGEX4Tl
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11969 TAG TAG CTC GAG TCA ACA TTT 
TTT TGA CTC AG

Reverse primer, with 
Xhol site for cloning 
siml into pGEX4Tl

H1785 GTG TTT GCA GAT GAA GTT CC siml sequencing primer

H1786 GCT GAT CTG TTA ATG TTC CTG siml sequencing primer

H1787 GGG TTG CCA ATG CTT GAG TC siml sequencing primer

Forward primer with 
Ndel site for cloning 
simrinto pREP eGFP
41/42

E1751 TAG TAG CAT ATG TGC AAT CGT 
CAA CCG AAA G

E1752 TAG TAG CTC GAG AAC ATT TTT 
TTG ACT CAG AAA TGC

Reverse primer with 
Xhol site for cloning 
siml + into pREP eGFP
41/42

E1757 GCT TTC CTA CTA ATA ACT GAA 
AAT CTC CAA TTT TTG CCT TAA 
GAA ATT TAT TGG AAA GGC TTA 
GCT ACA AAT CCC ACT G

Forward primer for 
replacing siml + with 
ura4+

E1758 TTA AAA GCC ATG GTA TGG CAA 
GCG AAG AAG ATG GGA GAA TAA 
GTG GTT TAA AGC TGA ACA ACA 
CCA ATG TTT ATA ACC

Reverse primer for 
replacing siml + with

E1759 TAG TAG CTC GAG AAG CTT TGG 
AAT TGC TAT GTT CGT TGG

Forward primer 
downstream of szmlfor 
testing replacement of 
simT with ura4+

173



Novel kin.et.oe.hore factors in. fission veast

E1760

F2027

G1290

B1396

TAG TAG GAG CTC TCT AGA CTT 
ATA ACA TGA AGA GTG GAG

TGA ATG GAT ATT TCG GCT AT

GTG GAC AAG AAT ACT TTG GAG 
GCA GGT CAA CGG CTT TCG GTT 
GAC GAT TGC ACA TCA TGA TTT 
AAC AAA GCG ACT ATA

ACT AGA TCT TGC AAC TGG TG

Reverse primer 
downstream of siml* 
tor testing replacement 
of siml + with ura4+

Reverse primer for 
testing siml + deletion

Primer used to 
sequence siml alleles

simT sequencing 
primer
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Appendix B: Plasmids constructed

Plasmid Description

PREP41 /42eGFP-szm2 +

C terminal fusion of simT (cloned 
with Ndel/Xhol) with eGFP under 
medium strength nmt promoter. 
Markers for selection: ura4+/leu2+

PDM084GFP- siml +
C terminal fusion of simT with GFP, 
cloned with KpnI/Sall. Linearised 
with Bglll. Marker for selection: his3+

pDEST2GST- siml +

N terminal fusion of simT with GST 
made from Gateway™ entry vector 
(Invitrogen)-sim T and pDEST2. 
Linearised using BssHII. Marker for 
selection: ura4+

PGEX4T1GST- simT
Fusion of simT and GST, cloned with 
BamHl/Xhol. Marker for selection:
AmpR
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Appendix C: Yeast strains used

Strain 
number

972

1180

1181

1305

1306

1307

1645

1646

1647

1648

1792

2021

2214

2321

Genotype

h- Wild type

h+ ade6-210 leul-32 ura4-D18 otrlR (dg-glu) 
Sphl::ade6

h- ade6-210 leul-32 ura4-D18 otrlR (dg-glu) 
Sphl::ade6

h- rikl-LEU2+ ade6-210 leul-32 ura4-DS/E or 
D18 otrlR-Sphl::ade6+

h- swi6::hisl + ade6-210 hisl-102 or hist leul-32 
ura4-DS/E or D18 otrlR-Sphl::ade6+

h- swi6-115 ade6-210 leul-32 ura4-DS/E or D18 
otrlR-Sphl::ade6+

h+ ade6-210 arg3D4 his3-Dl leul-32 ura4-D18

h- ade6-210 arg3-D4 his3-Dl leul-32 ura4-D18

h+ ade6-216 arg3-D4 his3-Dl leul-32 um4-D18

h- ade6-216 arg3-D4 his3-Dl leul-32 ura4-D18

h- dr4-S5 ade6-210 hisB-Dl leul-32 ura4- 
D18orDS/E otrlR Sphl::ade6

h- mad2::ura4+lura4-D18 leul-32

h- ade6-210 leul-32 ura4-D18 
ARSl(Mlul)::pREP81 Xgfpswid

h- bubl::ura4+ura4-D18 leul-32

Source

standard fission yeast strain

Ekwall et al., 1996

//

Allshire laboratory strain

"

"

"

Ekwall et al., 1996

a gift from Matsumoto

Pidoux et al., 2000

a gift from Hardwick
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2871 h? mis6-ts (pcrG135E) arg3-D4 his3-Dl leul-32 Allshire, unpublished

2922 h? Int mis6::pYCll-mis6-3xHA-LEU2 ade6-210 
leul-32 um4-DS/E

Saitoh et al., 1997

3027 h+ ade6-210 arg3-D3 his3-Dl leul-32 ura4- 
D18/DS-E TMl::arg3 TM3::ade6 tel::his3 
otr2::ura4 #108

Pidoux et al, 2003

3033 h- ade6-210 arg3-D3 his3-Dl leul-32 ura4- 
D18/DS-E TMl::arg3 TM3::ade6+ tel::hisy 
otr2::ura4 #103

Pidoux et al., 2003

3826 h- LEU 1 misl2gfp-LEU2+ Goshima et al., 1999

3828 h- misl2-537 (ts) LEUl* Goshima et al., 1999

3833 h? siml-15 mis6-EA-LEU2 + ade6-210 leul-32 
ura4D18 arg3D4 his3Dl cntl::arg3+ 
otr2::ura4+ tellL::his3"

Pidoux et al., 2003

3834 h? siml-15 mis6-HA-LEU2* ade6-210 leul-32 
ura4D-18 arg3-D4 his3-Dl cntl::arg3+ cnt3::ade6* 
otr2::ura4+ telll::his3+

3838 h? siml-106 mis6-HA-LEU2 + ade6-210 leul-32 
ura4D18 arg3D4 his3Dl cntl::arg3+ cnt3::ade6+ 
otr2::ura4+ tellL::his3+

3839 h? siml-106 mis6-HA-LEU2* ade6-210 leul-32 
um4D18 arg3D4 his3Dl cntl::arg3 + cnt3::ade6+ 
otr2::ura4+ tellL::his3+

3857 h? sim2-169 mis6-HA~LEU2+ ade6-210 leul-32 
ura4D18 arg3D4 hisSDl cntl::arg3+ cnt3::ade6 + 
otr2::ura4+

3862 h? sim6-86 mis6-HA-LEU2 + ade6-210 leul-32 
um4D18 arg3D4 his3Dl cntl::arg3* 
otr2::ura4*

Pidoux, unpublished
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3863 h? sim6-86 mis6-HA-LEU2+ ade6-210 leul-32 
ura4D18 arg3D4 hisSDl cntl::arg3 + cnt3::ade6+ 
otr2::ura4+ tellL::his3+

3864 h? sim7-29 mis6-HA-LEU2+ ade6-210 leul-32 
um4D18 arg3D4 his3Dl cntl::arg3 + cnt3::ade6 + 
otr2::ura4+ telll::his3+

3866 h? sim7-149 mis6-HA-LEU2+ ade6-210 leul-32 
ura4D18 arg3D4 his3Dl cntl::arg3 + cnt3::ade6+ 
otr2::ura4+ telll::his3+

3867 h? sim7-149 mis6-HA-LEU2+ ade6-210 leul-32 
ura4D18 arg3D4 his3Dl cntl::arg3 + cnt3::ade6+ 
otr2::um4+

3868 h? sim7-202 mis6-HA-LEU2* ade6-210 leul-32 
ura4D18 arg3D4 his3Dl cntl::arg3 + cnt3::ade6+ 
otr2::ura4+ tellL::his3+

3869 h? sim7-202 mfs6-HA-LELZ2+ ade6-210 leul-32 
um4D18 arg3D4 his3Dl cntl::arg3+ cnt3::ade6+ 
otr2::ura4* telll::his3+

3952 h? (Cl) Tis2::ura4 ade6:otr ade6-210 arg3+ his3D 
his-tel

Antonelli, unpublished

3965 h? siml-15 pREP GFP-cenp-a/cnpl ura4+ mis6- 
HA-.LEU2+ ade6-210 ura4D18/DSE leul-32

Pidoux, unpublished

3966 h? siml-15 pREP GFP-cenp-a/cnpl ura4+ mis6- 
HA:LEU2 + ade6-210 ura4D18/DSE leul-32

3969 h? siml-106 pREP GFP-cenp-a/cnpl ura4+ mis6- 
HA:LEU2+ (?) ade6-210 ura4D18/DSE leul-32

3970 h? siml-106 pREP GFP-cenp-a/cnpl ura4+ mis6- 
HA:LEU2+ (?) ade6-210 ura4D18/DSE leul-32

3982 h? sim6-86 pREP GFP-cenp-ajcnpl ura4+ mis6- 
HA:LEU2+ (?) ade6-210 ura4D18/DSE leul-32
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3983

3984

3989

4033

4035

4037

4040

4389

4390

4409

4410

4411

4412

h? sim7-149 pREP GFP-cenp-a/cnpl ura4+ mis6- 
HA.-LEU2* (?) ade6-210 ura4D18/DSE leul-32

h? sim7-149 pREP GFP-cenp-a/cnpl um4+ mis6- 
HA:LEU2 + (?) ade6-210 ura4D18/DSE leul-32

h+ TMl::arg3 otr2::ura4 tell::his3[Chl6 ade6-216 
LEU2+] ade6-210 ura4D18 leul-32 his3Dl arg3D4 
#9

h? sim6-86 cntl::arg3 otr2::ura4 tell::his3{Ch!6 
ade6-216 LEU2+] ade6-210 ura4D18 leul-32 
hisSDl arg3D4

h? sim7-29 cntl::arg3 otr2::ura4 tell::his3{Ch!6 
ade6-216 LEU2+ ] ade6-210 ura4D18 leul-32 
his3Dl arg3D4

h? sim7-149 cntl::arg3 otr2::ura4 tell::his3{Ch!6 
ade6-216 LEU2 + ] ade6-210 ura4D18 leul-32 
his3Dl arg3D4

h? sim7-202 cntl::arg3 otr2::ura4 tell::his3{Chl6 
ade6-216 LEU2 +] ade6-210 ura4D18 leul-32 
his3Dl arg3D4

h+ siml-75(ts) Misl2GFP-LEU2+

h+ siml-106(ts) Misl2GFP-LEU2+

h+ sim6-86(ts) Misl2GFP-LEU2 +

h+ sim6-86(ts) Misl2GFP-LEU2 +

h+ sim7-29(ts) MisUGFP- LEU2+

h+ sim7-29(ts) MisUGFP- L£U2+

11

ft

n

tt

Pidoux and Richardson, 
unpublished

"

"

11

"

11
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4435 h- siml-15 cntl::arg cnt3::ade6 otr2::ura4 
hisStellL ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

Pidoux et al., 2003

4439 h? siml-17 cntl::arg cnt3::ade6 otr2::um4 
hisStellL ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

h? sim7-29 cntl::arg cnt3::ade6 otr2::ura4 
hisStelll ade6-210 leul-32 ura4D18 arg3D4 
hisSDl

4445 h+ sim7-29 cntl::arg cnt3::ade6 otr2::ura4 
hisStellL ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

4457 h? siml-75 cntl::arg cnt3::ade6 otr2::um4 
his3tellL ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

4461 h+ sim2-76 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

4467 h? sim6-86 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

Pidoux, unpublished

4483 h+ siml-106 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-210 leul-32 um4D18 arg3D4 

hisSDl

Pidoux et al., 2003

4493 h+ siml-131 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

4497 h- siml-139 cntlr.arg cnt3::ade6 otr2::ura4 
hisStellL ade6-210 leul-32 um4D18 arg3D4 
hisSDl
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4507 h+ sim7-l49 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-2W leul-32 ura4Dl8 arg3D4 
his3Dl

4522 h+ siml-170 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-210 leul-32 ura4D18 arg3D4 
his3Dl

4526 h- siml-174 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-210 leul-32 ura4D18 arg3D4 
hisSDl

4536 h+ sim4-193 cntl::arg cnt3::ade6 otr2::ura4 
his3tellL ade6-2W leul-32 um4D18 arg3D4 
his3Dl

4553 h+ siml-209 cntl::arg cnt3::ade6 otr2::um4 
hisStelll ade6-210 leul-32 ura4D!8 arg3D4 
his3Dl

4557 h- siml-211 cntl::arg cnt3::ade6 otr2::ura4 
his3telll ade6-21Q leul-32 ura4D!8 arg3D4 
his3Dl

4569 h- Ndc80-GFP-Kan+ bubl-HA-um4+ leul-32 
ura4D!8? =PWY780/rom ]ohn Kilmartin

a gift from Kilmartin

4571 h- Nuf2-GFP-Kan+ bubl-HA-ura4+ leul-32 
ura4D18? =]KY1351 from John Kilmartin

4573 h- Spc24-GFP-Kan+ bubl-HA-ura4+ leul-32 
ura4Dl8? =JKY1358 from John Kilmartin

4575 h? mal2-lts cntl::arg3 arg3D4 Jin et al., 2002

4835 h- ura4::Rint leul-32 ura4D18 his3Dl arg3D4 #1 Mellone, unpublished

4836 h+ ura4::Rint leul-32 ura4D18 hisSDl arg3D4
tf2

4837 h- cntl-ura4 leul-32 ura4D18 hisSDl arg3D4 #1
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4838 h+ cntl-ura4 leul-32 ura4D18 hisSDl arg3D4 #2

4841 h- otrlR Sph::ura4 leul-32 ura4D18 hisSDl 
arg3D4 #1

4842 h+ otrlR Sph::ura4 leul-32 ura4D18 his3Dl 
arg3D4 #2

4898 h? siml-106 NdcSOGFP Kanr h? bubl-HA-ura4+ 
TMl::arg3+? otr2::ura4? tellR::his3 ade6-210 
um4D!8 leul-32

Pidoux, unpublished

4899 h? siml-106 NdcSOGFP Kan r h? bubl-HA-ura4+ 
cntl::arg3+ ? otr2::ura4? tellR::his3 ade6-210 
ura4D18 leul-32

5057 h+ cnp3GFP-kanMX6 cntl::agr3 atr2::um4 
hisStel cnt3::ade6 nde6-2W leul-32 ura4D18 
arg3D4 his3Dl #3

5057 h+ cnp3GFP-kanMX6 cntl::agr3 atr2::ura4 
his3tel cnt3::ade6 ade6-210leul-32 um4Dl8 
arg3D4 hisSDl #3

5063 h? cnp3GFP-kanMX6 cntl::agr3 atr2::ura4 
his3tel cnt3::ade6 ade6-210 leul-32 ura4D18 
arg3D4 his3Dl #3

5064 h? cnp3GFP-kanMX6 cntl::agr3 atr2::ura4 
hisStel cnt3::ade6 ade6-210 leul-32 ura4D18 
arg3D4 his3Dl #17

5064 h? cnp3GFP-kanMX6 cntl::agr3 atr2::ura4 his3tel 
cnt3::ade6 ade6-210 leul-32 ura4D18 arg3D4 
his3Dl #17

5065 h? cnp3GFP-kanMX6 cntl::agr3 atr2::ura4 
his3tel cnt3::ade6 ade6-210 leul-32 ura4D18 
arg3D4 hisSDl #19
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5065 h? cnp3GFP-kanMX6 cntl::agr3 atr2::ura4 hisStel 
cnt3::ade6 ade6-210 leul-32 um4D18 arg3D4 
his3Dl #19

5210 h? misl2GFP-LEU2+ ade6-210 um4D18 leul-32 
his3D4 3826 x 1645

5211 h? mis!2GFP-LELZ2 + ade6-21Q um4D18 leul-32 

his3+ 3826 x 1645

5237 h? sim4GFP-KANr mis6HA-Leu2 + cntl::arg3 or 
arg3+ ade6-210 his3Dlura4D18

Richardson and Pidoux, 
unpublished

5238 h? sim4GFP- KAW mis6HA-Leu2+ cntl::arg3 or 
arg3+ ade6-210 his3Dlura4D18

5691 h? mis6-302 ts x 3033 cntl::arg3 + his3-tel 
cnt3::ade6* otr::ura4 #3

5692 h? mis6-302ts x 3033 cntl::arg3* his3-tel 
cnt3::ade6+ otr::ura4 #6

5693 h? mis6-302ts x 3033 cntl::arg3* his3-tel 
cnt3::ade6+ otr.:ura4 #15

5694 h? mis6-302ts x 3033 sntl::arg3+ his3-tel 
cnt3::ade6+ otr::ura4 #16

5772 h+ sim6-86 ade6-210 arg3-D4 his3-Dl leul-32 

ura4D18

this study

5773 h- sim6-86 ade6-210 arg3-D4 his3-Dl leul-32 

ura4D18

5815 ts sim6-86, NdcSO-KAN' leul-32, ade6-210, ura?, 

his3-tell

5816 sim6-86 (ts) Nuf2KAN+ leul-32 telll::his3 + arg3- 

D4
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5817

5818

5819

5821

5822

5823

5824

5825

5893

5893

5927

5943

5944

5945

5954

5955

sim6-86 (ts) Nuf2KAN* leul-32 telll:: his3* arg3- 
D$

ts sim6-86, Ndc80KANneul-32 his3Dl

sim6-86-86 (ts) Spc24 KAN+ tellL::his3*

ts sim6-86, Rint:ura4+ ura4DS/E his3Dl ade6-210 
leul-32

ts sim6-86, Rint:ura4+, ura4DS/E, his3Dl, ade6- 
210, leul-32, arg?

ts sim6-86, cnt3:ura4+, um4DS/E, hisSDl, ade6- 
210, leul-32, arg?

ts sim6-86, otr:ura4+, ura4DS/E, ade6-210, leul- 
32, arg?

h+ sim7-202, ade6-210, arg3D4, ura4-D18, leul- 
32, his3-Dl

h- simlGfP-hisy his3-Dl

h+ simlGFP-his3+ his3-Dl

h+ 3MycNter cenp-a/cnpl + leul-32 ura4-D18 
his^Dl ade6-210

SMycNter cenp-ajcnpT simlgfp-his3+

h+ sim6-86 otrl::ade6 ade6-210 leul-32 ura4-D18

h- sim6.86 otrl::ade6 ade6-210 leul-32 ura4-D18

h+ simlGFP-his3 + Mis6-3xHA-LEU2 + his3-Dl 

leul-32

h- simlGFP-his3 +Mis6-3xHA-LEU2 + his3-Dl 

leul-32

//

"

II

If

it

"

//

Mellone, unpublished

a

this study

"
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6253

6255

6257

6261

6263

6267

sim7-202 (ts) sim4GFP-KAN+mis6HA-LEU2+ 
leul-32

siml-106 (ts) mal2GFP-KAN+markers unknown

sim6-86 (ts) sim4GFP-KANr mis6HA-LEU2+ 
leul-32 other markers unknown

sim7-202 (ts) mal2GFP-KANr mis6HA-LEU2 + 
leul-32 other markers unknown

sim7-149 (ts) Nuf2GFP-KANr markers unknown

sim6-86 (ts) pREP81Xgfpswi6LEU2+leul-32

//

//

//

"

"
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Appendix D: Antibodies used

Antibody

a-CENP-A/Cnpl 
sheep polyclonal 
serum

a-tubulin (TAT1) 

tissue culture 
supernatant

a-GFP 
rabbit 
monoclonal

a-GFP 
mouse 
monoclonal

a-Siml 
rabbit polyclonal, 
affinity purified

a-Myc 
mouse 
monoclonal

a-Myc 
rabbit 
monoclonal

Source

Gift from 
Mellone 

(Kniola et al., 
2001)

Gift from 
Gull/Hagan

Molecular 
Probes 
A11122

Molecular 
Probes 

mAb 3E6 
A11120

this study

Santa Cruz 
mAb9E10 

SC40

Research 
Diagnostics, 

Inc. 
RDI-CMYCabr

Concentration 
for immuno- 
fluorescence

1:500

1:15

1:200

1:200

1:30

Concentration for 
Western Blot

1:2000 
in 1% milk

1:2000 
in 1% milk

1:50

1:500

1:500

Quantity used 
for immuno- 
precipitations

2 jd

2 nl

5 |/1

5 M!
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a-HA 
(12CA5) 
mouse 
monoclonal
a-GST 
conjugated to 
peroxidase

a-dimethyl 
histone H3 (lys 9)

Alexa 488 
goat a-rabbit

Alexa 488 
goat a-mouse

Alexa 488 
donkey a-sheep

Alexa 594 
goat a-rabbit

Alexa 594 
goat a-mouse

Alexa 594 
donkey a-sheep

FITC 
goat a-mouse

FITC 
goat a-rabbit

Gift from 
Earnshaw

Sigma 
A7340

Upstate 
Biotech
07521

Molecular 
Probes 
A21441

Molecular 
Probes 
A11029

Molecular 
Probes 
A11015

Molecular 
Probes 
A11037

Molecular 
Probes 
A11032

Molecular 
Probes 
A11016

Sigma 
F1010

Sigma 
F0511

1:30

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:100

1:100

1:300

1:1000

5^1
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WTC 
donkey a-sheep
Texas Red 
donkey a-mouse
Texas Red 
donkey ex-rabbit

Texas Red 
rabbit a-sheep
HRP 
goat a-rabbit
HRP 
goat a-mouse

HRP 
donkey a-sheep

Jackson 
713-095-147

Jackson 
715-075-150

Jackson 
711-075-152

Vector Labs 
TI-6000
Sigma 
A6154

Sigma 
A4416

gift from 
Diagnostics 

Scotland

1:100

1:100

1:100

1:100

1:2500

1:2500

1:2500
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